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INTRODUCTION:  Patients with advanced prostate cancer (PCa) are initially susceptible to androgen 
withdrawal therapy (AWT), but ultimately develop resistance to this therapy (castration-resistant PCa, 
CRPC). The treatment options for patients who fail AWT are limited; hence the long-term goal of these 
studies is to identify therapeutic strategies to prolong the effectiveness of AWT. The ErbB receptor 
tyrosine kinase (RTK) family regulates proliferation and survival in PCa. Multiple studies suggested that 
ErbB3 plays a role in promoting PCa, however, its mechanism of action and the pathways mediating its 
effects were unknown. Hence, we investigate the role of ErbB3 in PCa progression. 

BODY: Specific Aim 1. To test the hypothesis that increased ErbB3 during androgen ablation 
results in androgen independence of prostate cancer cells.  
Task 1: We will examine in paraffin embedded prostate cancer tissues whether there is increased 
ErbB3 and decreased Nrdp1 expression in androgen independent tumors from human patients. 

We showed in a publication in 2010 that ErbB3 increases in 
castration-resistant prostate cancer. At that time, we did not 
have the antibody to Nrdp1 that can be used in IHC. Since then 
this antibody has been developed and is now reported here.  

Nrdp1 expression in human prostate cancer correlates with 
nuclear AR levels.  We previously showed that ErbB3 plays a 
major role in PCa progression and that ErbB3 levels are 
elevated during AWT due to suppression of the E3 ubiquitin 
ligase Nrdp1, which enables ErbB3 degradation (Chen, et al. 
2010). Hence we investigated the expression of Nrdp1 in 
primary prostate tumor and surrounding non-tumor tissues 
available from the archives of the VA Northern California Health 
Care System (VANCHCS), Laboratory and Pathology Services. 
Sections from prostate tumors of 78 patients who underwent 
radical retropubic prostatectomy at VANCHCS between 1996 
and 2002 were analyzed for these studies. Patient 
characteristics are described in Table 1. The specimens were 
stained with antibodies to Nrdp1 and AR. The specificity of the 
Nrdp1 staining was verified in HEK 293T cells with a control or 

Nrdp1 shRNA (Figure 1).  

Figure 1.  Nrdp1 Antibody 
Characterization.  293T HEK cells were 
transfected with control or Nrdp1 shRNA to 
show the specificity of a rabbit polyclonal 
anti-Nrdp1 antibody. (A) Western blot 
analysis showed Nrdp1 staining as a non-
specific 65 KDa and a specific 36 KDa bands.  
Specificity of the lower band was determined 
by knockdown of Nrdp1 upon shRNA use, 
and a corresponding increase of p-ErbB3.  
293T HEK cells were grown in FBS media. 
Cell lystaes were immunoblotted with andti-
Nrdp1, anti-p-Erb3 and anti-tubulin 
antibodies. (B) 293T HEK cell pellets 
(similarly treated) were paraffin embedded, 
sectioned and stained with the same Nrdp1 
antibody. Lack of background staining in the 
shRNA-treated cells denotes that the IHC 
staining was more specific. 

Using a scoring system based on immunohistochemistry (IHC) intensity from 0 to 3, where 0 represents 
no staining and 3 represents the highest protein levels, we observed that Nrdp1 was expressed in the 
nucleus, the cytoplasm or both (Figure 2A). Nrdp1 nuclear protein levels remains consistent between 
tumor and non-tumor tissue, whereas cytoplasmic Nrdp1 was significantly increased in tumor tissue 
compared to non-tumor (p<0.001) (Figure 2B, Table 2).  
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Figure 2.  Nrdp1 levels in human prostate tumor tissue correlate positively with nuclear AR expression and negatively with PSA 
failure.  (A). Formalin fixed paraffin-
embedded human localized 
prostate cancer specimens 
obtained by prostatectomy were 
arranged in a tissue microarray and 
stained with anti-Nrdp1 antibody. 
Nrdp1 expression was observed in 
the nucleus, cytoplasm or both and 
was scored in both benign and 
cancerous prostate tissues. (B). 
Boxplots showing distribution of 
Nrdp1 and in the nucleus or 
cytoplasm of cancer compared to 
non-tumor tissue. The expression of 
nuclear Nrdp1 remains the same in 
both cancer and non-tumor tissues, 
whereas cytoplasmic expression of 
Nrdp1 increases in tumor compared 
to non-tumor tissue. 

  

Examination of Oncomine datasets showed a similar trend in 
mRNA levels from human prostate as determined by various 
investigators; however, the same datasets also showed that 
AR levels were increased in tumor tissue vs. non-tumor 
(Figure 3).  

Figure 3.  AR and Nrdp1 expression in cancer and normal cells. Confirmation of 
the up regulation of Nrdp1 and AR in cancer vs. normal prostate and the correlation 
between three Oncomine datasets. (For AR, p = 3.26 x 10^-8; for Nrdp1, p = 1.62 x 
10^-6; values calculated using Fisher’s combined probability test). Box plots shown 
are from studies in the Oncomine database representative of overall trend. Note that 
Nrdp1 levels correspond to AR values.  

Hence, we investigated the protein levels of AR in our TMA 
tissues (Figure 4).  

 

Figure 4.  AR Staining in tumor and non-
tumor prostate. (A) Boxplots showing 
distribution of AR in the nucleus and cytoplasm 
of cancer tissue compared to non-tumor tissue. 
The expression of nuclear AR and remains the 
same in both cancer and non-tumor tissues, 
whereas cytoplasmic expression increases in 
cancer. (B-E) Examples of 
immunohistochemistry of various types of 
prostate tissue. (B) Benign prostatic 
hyperplasia, (C) high grade prostatic 
intraepithelial neoplasia, (D, E) prostatic 
neoplasia.  
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Comparison of AR and Nrdp1 levels revealed a 
significant correlation between Nrdp1 levels 
(both nuclear and cytoplasmic) and nuclear 
(active) AR (cytoplasmic: pairwise correlation 
coefficient: 0.42; p<0.001; nuclear: pairwise 
correlation coefficient: 0.26; p=0.035) (Figure 
5A, Table 3). Hence we postulated that Nrdp1 
levels may be upregulated in prostate tumor in 
comparison with non-tumor tissue due to an 
increase in AR levels, perhaps in an attempt to 
suppress the levels of ErbB3.  

 

The levels of cytoplasmic Nrdp1 were also considerably lower in patients with PSA failure (Figure 5B). 
Taken together, these results indicated an overall increase of Nrdp1 in cancer, coincidental with 
increased AR, but a trend towards lower Nrdp1 with tumor progression despite high AR.  

Figure 5. (A). Boxplot showing correlation between levels of cytoplasmic Nrdp1 with nuclear AR (p<0.001).  (B). Boxplot showing the 
decrease in Nrdp1 expression in patients who later underwent PSA failure (biochemical recurrence) compared to those who did not. Both 
nuclear and cytoplasmic levels of Nrdp1 decrease.  
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Task 2: In an animal model of prostate cancer progression, we will investigate whether inhibition of 
ErbB3 during androgen ablation prevents the development of CRPC tumors. 

AWT suppresses Nrdp1 levels in an androgen-dependent, but not castration-resistant mouse 
model of PCa progression.  To confirm AR regulation of Nrdp1 in vivo, athymic nu/nu mice were 
subcutaneously implanted with CWR22 tumor cells and the engrafted mice were subjected to either 
castration (n=6) or a sham operation (n=6).  CWR22 tumors did not grow in castrated male mice (Mean 
increase after 14 days = 1.12-fold), while those in intact animals continued to grow (Mean increase 
after 14 days = 2.2-fold, p=0.02); (after 1 month these tumors would increase 3-fold), indicating that the 
CWR22 tumors were androgen-dependent (Figure 6A).  At the end of the study, the tumors were 
collected, paraffin embedded, sectioned, and stained by IHC.  The levels of nuclear AR were 
significantly lower in castrated mice compared to the intact animals (p=0.016) while the cytoplasmic AR 
levels were higher (Figure 6B), indicating AR translocation from nucleus (active site) to cytoplasm 
(inactive site) upon castration. As in the patient tissues, Nrdp1 was observed in both the nucleus and 
the cytoplasm (Figure 6C), but a strong decrease in cytoplasmic Nrdp1 was observed after castration 
(Figure 6D).  Importantly, a strong correlation between nuclear AR and cytoplasmic Nrdp1 was 
observed in CWR22 tumors in the castrated animals only (Pearson correlation = 0.734; p=0.0028) 
(Figure 6E), but not in the intact animals, confirming the observation in cell lines that androgen ablation 
caused a decrease in Nrdp1.   

Figure 6.  Androgen withdrawal therapy (AWT) suppresses Nrdp1 levels in a mouse model of prostate cancer progression.  (A). Nude 
mice were injected with CWR22 tumors and either castrated (n=6) or left intact (n=6). Tumor volume was measured periodically and 
expressed as mean ± Std error of volume normalized to day of castration. Note that tumor size in the intact mice increased by 3-fold within 29 
days, whereas in the castrated mice they did not grow (max growth 1.2-fold after 10 days from day of castration) (p=0.02).  (B). Boxplot 
showing nuclear and cytoplasmic AR levels in the intact (sham-operated) and castrated mice bearing CWR22 xenografts.  AR levels in the 
nucleus where significantly lower in the castrated group (mean score 1.03 ± 0.298) vs. the intact group (mean score 1.55 ± 0.272) (p=0.0162), 
while AR levels in the cytoplasm were slightly higher in the castrated group (mean score 1.9 ± 0.2236) vs. the intact group (mean score 1.38 ± 
0.49) (p=0.0552).  (C). Immunohistochemistry of CWR22 tumors from a castrated mouse (right), and an intact mouse (left), demonstrating 
higher levels of cytoplasmic Nrdp1 in the intact mouse, but not nuclear Nrdp1, compared to castrated mice.  (D). Boxplot showing nuclear and 
cytoplasmic Nrdp1 levels in the intact (sham-operated) and castrated mice bearing CWR22 xenografts.  Nrdp1 levels in the nucleus where 
higher in the castrated group (mean score 1.0 ± 0.00) vs. the intact group (mean score 0.78 ± 0.455) (p>0.05), while Nrdp1 levels in the 
cytoplasm were lower in the castrated group (mean score 0.9 ± 0.074) vs. the intact group (mean score 1.14 ± 0.22) (p=0.05).  (E). 
Comparison of AR vs. cytoplasmic Nrdp1 levels in castrated CWR22 mice showing that as AR increases, so do cytoplasmic Nrdp1.  
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 In contrast, CWR22Rv1 tumors (derived from castrated mice growing relapsed CWR22 tumors) 
expressed decreased Nrdp1 levels (both nuclear and cytoplasmic) in comparison to CWR22 tumors 
(Figure 7A). However, CWR22Rv1 tumors did not demonstrate a significant change in Nrdp1 or AR 
expression after castration (Figure 7B). These results confirm androgen regulation of Nrdp1 in 
androgen-dependent PCa but not in CRPC.  

Figure 7.  Comparison of Nrdp1 expression in androgen-dependent vs castration resistant mouse tumors. (A) (upper) Boxplot of 
Nrdp1 nuclear and cytoplasmic expression levels in nude mice implanted with CWR22Rv1 vs. CWR22 tumors, both showing higher Nrdp1 
levels in the cytoplasm vs. the nucleus. Note that the overall Nrdp1 levels are higher in CWR22 compared to CWR22Rv1. (lower) 
immunohistrochemistry demonstrating higher expression of Nrdp1 in CWR22 tumors.  (B) (upper) Boxplot showing Nrdp1 nuclear and 
cytoplasmic levels in the castrated and non-castrated CWR22Rv1 mice.  Nrdp1 levels remain constant after castration. (lower) Boxplot 
showing AR nuclear and cytoplasmic levels in CWR22Rv1 tumors from castrated and intact mice.  AR levels in the nucleus and the cytoplasm 
remain consistent after castration, indicating castration resistance.  
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Specific Aim 2. To test the hypothesis that Nrdp1 mediates the regulation of ErbB3 expression 
by the androgen receptor in androgen dependent cells, but this regulation is lost in androgen 
independence.  
Task 3: We will identify a role for Nrdp1 in the expression of ErbB3 during androgen withdrawal and in 
androgen independence. 
Complete – report in previous Annual Report (2010). This topic has already been published in a 
2010 paper, this publication is attached.  
 
Task 4: In androgen dependent cells we will determine how the androgen receptor regulates Nrdp1 
transcription. 
Nrdp1 is a direct transcriptional target of the AR.  Based on the above, we investigated whether 
Nrdp1 was a direct transcriptional target of AR. Nrdp1 is known to contain multiple promoters, of which 
at least one contains the androgen response element (ARE) ARE3, located 209 bp upstream of the 
transcriptional start site. ARE3 is a full 15-bp bipartite palindromic sequence very similar to the AREs 
found in PSA, the quintessential AR target gene (Figure 8A, upper). Chromatin immunoprecipitation 
(ChIP) assay showed that AR binding to ARE3 was higher in LNCaP cells (where Nrdp1 is androgen 
regulated), compared to that in LNCaP-AI cells (derived by continuous culture of LNCaP cells in CSS-
containing medium), and in C4-2 cells (where Nrdp1 is independent of androgens) (Chen et al. 2010) 
(Figure 8A, lower left). To demonstrate androgen-responsiveness of AR binding to ARE3, androgen-
dependent LNCaP cells were cultured in fetal bovine serum (FBS) containing high levels of androgens 
or in low androgen charcoal stripped FBS (CSS) (Sedelaar and Isaacs 2009), in the presence or 
absence of 1 nM DHT to stimulate AR transcriptional activity. In LNCaP cells the regulation of Nrdp1 is 
androgen-dependent, with a decrease of AR binding in CSS medium compared to FBS medium and a 
restoration of AR binding in CSS with DHT added (Figure 8A, lower right). In contrast, in C4-2 cells, 
AR binding to ARE3 was weak, whereas that to the PSA promoter was strong (Figure 8B). These 
studies supported previous observation of higher Nrdp1 levels in LNCaP cells compared to C4-2 and 
explain that lack of AR-binding to ARE3 prevents Nrdp1 transcription in the latter.  

To test the potential responsiveness to AR, we created luciferase constructs with the Nrdp1 
promoter region containing ARE3.  The plasmids were transfected into LNCaP or C4-2 cells which were 
further treated with DMSO, 1 nM DHT, or the AR antagonist bicalutamde (Casodex; 10µM). The 
response of LNCaP cells to ARE3 was stronger upon DHT treatment and decreased upon treatment 
with bicalutamide (Figure 8C). Two luciferase constructs for ARE3 were used - one wild-type and one 
with several bases mutated to prevent AR binding. Significantly, AR transcriptional activity on the Nrdp1 
promoter increased 3-fold after the addition of DHT (p=0.046) but this effect was prevented by 
bicalutamide (p>0.05). In contrast, there was little to no luciferase activity when transfected with the 
mutated ARE3, indicating that the bases mutated were needed for transcription of Nrdp1 (Figure 8C).  
This confirmed that ARE3 of Nrdp1 is indeed a direct transcriptional target of the AR in LNCaP cells. In 
contrast, in LNCaP-AI cells, the response of ARE3 to DHT was much smaller (Figure 8D). Thus, the 
AR in the CRPC line was still capable of binding to ARE3, however, there was a lack of binding in situ.   



10 

 

 
Figure 8.  Nrdp1 is a direct transcriptional target of the androgen receptor. (A). (Top).  Comparison of PSA and Nrdp1 AREs shows that 
the PSA ARE and Nrdp1 ARE3 both contain a full palindromic ARE.  (Bottom left).  ChIP assay of AR binding to Nrdp1 ARE3 in C4-2, 
LNCaP, and LNCaP AI.  AR only binds to Nrdp1 ARE3 in androgen dependent LNCaP cells and not androgen independent LNCaP AI and C4-
2 cells. Cells were cultured in FBS medium. Chromatin samples were immunoprecipitated with anti-AR antibody and analyzed by PCR with 
primers flanking the Nrdp1 ARE3 regions.  Input is control reactions of genomic DNA prior to immunoprecipitation. (Bottom right).  ChIP 
assay of AR binding in LNCaP cells to ARE3.  Cells were cultured in FBS medium, CSS medium, or CSS medium with the addition of 1 nM 
DHT after the first day.  Input is control reactions of genomic DNA prior to immunoprecipitation.  Chromatin samples were immunoprecipitated 
with anti-AR antibody and analyzed by PCR with primers flanking the Nrdp1 ARE3 region.  (B).  ChIP assay of AR binding in C4-2 cells to 
ARE3 vs. PSA. Note that although AR did not bind to Nrdp1 ARE3, it did bind to PSA in these cells. The upper bands in each panel were 
quantitated by Image J and normalized to the input. Note that AR binding to Nrdp1 ARE3 is negligible compared to AR binding to PSA ARE. 
(C). Mutation of normal ARE3 to abolish AR binding.  (Top).  Nucleotide sequence of normal Nrdp1 ARE3 and mutant ARE3 that were 
inserted into luciferase constructs to test AR transcriptional activity.  (Bottom).  Increased AR transcriptional activity in LNCaP cells on wild-
type and mutant ARE3 in the presence of vehicle, 1 nM DHT or 10 µM bicalutamide (caso) compared with control vector and mutant ARE3. 
(D) AR transcriptional activity in LNCaP-AI cells (CRPC subline of LNCaP cells) on wild-type and mutant ARE3 in the presence of vehicle, 1 
nM DHT or 10 µM bicalutamide (caso). 

 
Task 5: In addition, in androgen independent cells we will identify the cause for repression of Nrdp1 
expression and investigate whether ErbB3, Akt or its downstream effector FKHRL1 plays a role in this 
process.  
We found that the structural protein Filamin A (FlnA) regulates Nrdp1 transcription. Ectopic 
expression of nuclear FlnA restores AR regulation of Nrdp1 in CRPC cells lacking inherent 
nuclear FlnA expression.  Previous studies showed that nuclear FlnA interacts with the AR and acts 
as a co-regulator for transcriptional control (Loy, et al. 2003; Ozanne, et al. 2000). Therefore, we 
investigated whether FlnA nuclear localization regulated the ability of AR to bind to the Nrdp1 promoter 
and coordinate its transcription. As before, the AR failed to bind to Nrdp1 ARE3 in C4-2 cells, however, 
transfection of FlnA 16-24 in C4-2 cells, which we have shown earlier to restore nuclear FlnA in C4-2 
cells, reestablished AR binding to Nrdp1 ARE3 (Figure 9A).  In order to determine if this reflected a 
renewal of AR transcriptional activity on Nrdp1 in C4-2 cells we also performed a luciferase assay on 
the C4-2 FlnA 16-24 cells using the Nrdp1 ARE3 luciferase construct and the mutant ARE3 construct.  
The cells were transfected with either vector and treated with DMSO, DHT, or bicalutamide.  The 
mutant ARE3 construct showed little AR transcriptional activity, while in cells transfected with the wild-
type ARE3 vector, transcription of the plasmid was increased in the presence of DHT and inhibited by 
bicalutamide, indicating a restoration of androgen-sensitivity (Figure 9B).  In contrast, other FlnA 
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constructs that did not restore nuclear FlnA localization (Wang, et al. 2007), did not have as significant 
an effect on Nrdp1 transcription. (Figure 9C).  We conclude that in androgen-dependent PCa, the AR is 
able to bind to the Nrdp1 ARE3 region and cause transcription of Nrdp1 to downregulate ErbB3.  After 
androgen ablation, the AR is no longer able to bind and prevents Nrdp1 transcription, which allows 
ErbB3 to be overexpressed (Figure 9D).  These results indicate that FlnA 16-24 is crucial for AR 
regulation of Nrdp1 in PCa and that introduction of nuclear FlnA can restore androgen regulation of 
Nrdp1.   

 

Figure 9.  Nuclear Filamin A restores androgen receptor regulation of Nrdp1 in androgen independent cells. (A). AR binds to ARE3 in 
in the presence of 90 kDa FlnA.  ChIP assay of AR binding in LNCaP, LNCaP AI, C4-2, and C4-2 FlnA 16-24 cells. Chromatin samples were 
immunoprecipitated with anti-AR antibody and analyzed by PCR with primers flanking the Nrdp1 ARE3 region.  Input is control reactions of 
genomic DNA prior to immunoprecipitation.  (B). AR transcriptional activity of Nrdp1 ARE3 is androgen regulated in the presence of FlnA 16-
24.  C4-2 cells transfected with vector only or C4-2 FlnA 16-24 were cultured in FBS medium and transfected with the control vector, normal 
ARE3, or mutant ARE3, and AR transcriptional activity was measured by luciferase assay.  Cells were also treated with DMSO, 1 nM DHT, or 
10 µM bicalutamide (Casodex).  (C). FlnA restores AR transcriptional activity on Nrdp1 ARE3 in androgen independent cells.  Cells were 
cultured in FBS medium and transfected with full-length FlnA, FlnA repeats 1-15, or FlnA repeats 16-24, and AR transcriptional activity was 
measured by luciferase assay.  (D). Schematic describing AR control of Nrdp1 in castration sensitive vs. castration resistant prostate cancer 
cells. In castration sensitive tumors, the androgen receptor is regulated by the presence of nuclear FlnA.  This allows androgen receptor to 
bind to the ARE upstream of the Nrdp1 gene, ARE.03, and cause an increase of Nrdp1 expression.  This in turn down regulates ErbB3 and 
prevents cell growth.  In castration resistant tumors, nuclear FlnA is no longer present, which causes aberrant binding and androgen receptor 
no longer binds to ARE.03, preventing Nrdp1 expression.  This then allows ErbB3 protein levels to increase and causes increased cell growth. 

KEY RESEARCH ACCOMPLISHMENTS: 
1. Manuscript(s) submitted for publication.  

2. Qualifying Exam: Rosalinda Savoy passed her qualifying exams on this topic. Her thesis will 
acknowledge the DOD.  

 
CONCLUSION: Our data for the first time identifies Nrdp1 as an AR target that is androgen-regulated 
in castration resistant cells, but not in castration insensitive cells. Our new data shows that in cells 
where the AR is stabilized, and does not undergo degradation despite androgen withdrawal, it is able to 
transcribe PSA but not Nrdp1, whereas in cells where the AR is not stabilized, it can transcribe Nrdp1 
and thereby regulate ErbB3 levels. Since we also showed earlier that ErbB3 signaling increase cell 
growth and suppress apoptosis, our results indicate that AR suppression of ErbB3 is a mechanism for 
keeping cells castration sensitive, whereas when this effect is lost, the cells become castration 
resistant. Further, we show that Filamin A nuclear localization keeps cells androgen responsive by 
destabilizing the AR, and maintaining its ability to transcriptionally regulate Nrdp1. 
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ABBREVIATIONS: RTK, receptor tyrosine kinase; PBS, phosphate buffered saline; Sulfo-NHS, N-hydroxysulfosuccinamide; EDC, 1-ethyl-3-[3-dimethylaminopropyl] 

carbodiimide; RT, room temperature; ECL, enhanced chemiluminescence.
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ABSTRACT
Receptor tyrosine kinases (RTKs) in the ErbB family (EGFR, ErbB2, 
ErbB3, and ErbB4) are implicated in a variety of human malig-
nancies. Accordingly, determination of both expression and acti-
vation (dimerization/heterodimerization and phosphorylation) of 
ErbB proteins is critical in defi ning their functional role in cancer. 
Effi cient and comprehensive methods to study molecular functions 
of ErbB family of RTKs are needed not only for improvements in 
diagnostics but also for early screening of targeted drugs (eg, small 
molecule inhibitors and therapeutic antibodies). We report devel-
opment of 3 multiplex microbead immunoassays for simultaneous 
detection of expression, protein–protein interactions, and phosphor-
ylation of these RTKs. These novel multiplex immunoassays were 
used to study ErbB RTKs under different cell activation conditions 
in 2 breast cancer cell lines (MDA-MB-453 and MDA-MB-468) 
and an epidermoid cancer cell line (A431). The results were con-
fi rmed by immunoprecipitation/western blot. Importantly, the mul-
tiplex immunoassay facilitated time-course studies in these cell 
lines after cell activation with EGF and neuregulin, revealing the 

kinetics of phosphorylation of the ErbB family RTKs. This study 
demonstrates the utility of the Luminex® multiplex system as an 
effi cient and comprehensive approach to study different aspects 
of molecular roles of these RTKs. Importantly, the study pro-
vides proof-of-concept for the utility of the multiplex microbead 
immunoassay approach for potential use in effi cient, robust, and 
rapid screening of drugs, particularly those targeting functional 
aspects of these potent signaling molecules. In addition, the assays 
described here may be useful for cancer diagnostics and monitor-
ing effi cacy of therapy targeting the ErbB family of RTKs.

INTRODUCTION

O
verexpression of receptor tyrosine kinases (RTKs) 
belonging to the ErbB family of receptors (EGFR/
ErbB1/HER1, ErbB2/HER2, ErbB3/HER3, and ErbB4/
HER4) and/or their aberrant signaling is a major char-

acteristic of many human malignancies.1–3 Most tumors express 
more than one of these ErbB family members. Overexpression of 
EGFR and ErbB2 has been documented in a variety of tumor types 
including breast tumor (63% of ErbB2-positive tumors were also 
strongly positive for ErbB3) with poor clinical outcome.4 EGFR is 
overexpressed in breast cancers with a positivity rate of 14%–91%, 
which is associated with a more aggressive phenotype and poor 
patient prognosis.5 ErbB2 is overexpressed in 20%–30% of inva-
sive breast tumors4,6–8 and is a marker of poor prognosis.9 Although 
ErbB4 is the least well-understood family member in terms of its 
role in cancer, its expression in breast tumors has been associated 
with low cell proliferative index, increased survival, and reduced 
recurrence of tumors.4
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MATERIALS AND METHODS
Cells and Cell Activation

Breast carcinoma cells (MDA-MB-453 and MDA-MB-468) 
and human epidermoid carcinoma cells (A431) were cultured in 
Dulbecco’s modifi ed Eagle’s medium (DMEM) supplied with 10% 
heat-inactivated newborn calf serum at 37°C and 5% CO2. Cells 
were grown to 65%–70% confl uence in 25 or 75 cm2 tissue culture 
fl asks, then starved in X-vivo medium (A431) or DMEM contain-
ing 0.1% FBS (MDA-MB-453 and MDA-MB-468) for 24 h before 
activation.15 Cells were treated with optimal concentration of EGF 
(16.5 nM concentration), neuregulin (1:500), or sodium pervana-
date (6.6 mM).15

Lysate Preparation
Cells in tissue culture fl asks were lysed with ice-cold buffer 

(PBS containing 1% Nonidet P-40, protease inhibitor cocktail, 0.5 
mM sodium orthovanadate, and 1× serine/threonine phosphatase 
inhibitor). The cell lysate was immediately vortexed and incu-
bated on ice for 15 min. Cell debris was removed by centrifuga-
tion at 12,000 rpm for 20 min.15 Total protein concentration of 
lysates was determined by BCA reagent kit (Bio-Rad, Laboratories, 
Hercules, CA). Lysates were aliquoted and stored at −80°C until 
used.

Antibodies and Reagents
Monoclonal antibodies against EGFR (05-104) for microbead 

coating and immunoprecipitation and biotinylated anti-phospho-
tyrosine (4G10) were purchased from Upstate, USA (Lake Placid, 
NY). Monoclonal antibodies against ErbB2, ErbB3, and ErbB4 
for microbead coating and immunoprecipitation were purchased 
from R&D Systems (MAB1129, MAB3481, and MAB1131, respec-
tively; Minneapolis, MN). Biotinylated antibody for total protein 
detection for EGFR (E101) was obtained from Leinco Technologies 
(St. Louis, MO) and those for ErbB2, ErbB3, and ErbB4 were pur-
chased from R&D Systems (BAF1129, BAM3481, and BAF1131, 
respectively). Protease inhibitor cocktail tablets and purifi ed 
10% Nonidet P-40 were purchased from Roche Applied Science 
(Indianapolis, IN). Halt phosphatase inhibitor cocktail was pur-
chased from Pierce (Rockford, IL). Protein G-conjugated Sepharose 
was from Sigma (St. Louis, MI). EGF was purchased from Upstate. 
Neuregulin (recombinant) was expressed and purifi ed as previ-
ously described.16

Microbead Coating
Monoclonal antibodies against EGFR, ErbB2, ErbB3, and ErbB4 

were coated as capture antibodies by conjugation to individ-
ual microbead sets. One microbead set was coated with BSA to 

These ErbB family RTKs are activated by various EGF-like 
growth factors. Binding of EGF to EGFR induces receptor dimer-
ization and tyrosine autophosphorylation of specifi c residues 
within the cytoplasmic tail, initiating a complex cascade of cell 
signaling events leading to cell proliferation.1 Similarly, neuregu-
lins transmit intracellular signals within target cells by interact-
ing with ErbB3 and ErbB4.10 Ligand binding to the ErbB RTKs, 
followed by heterodimerization11 and phosphorylation, leads to 
the activation of downstream targets,12 resulting in intracellu-
lar signals stimulating cell proliferation and survival. Discovery 
of the role of RTKs in oncogenesis has lead to the development 
of novel anticancer therapeutics targeting these molecules. The 
advent of such therapies has in turn helped identify the need for a 
better understanding of molecular events involving RTK function 
for a variety of cancers. It is therefore critical to analyze intra-
cellular signals transduced by RTKs under different conditions 
that may produce different cellular responses. From a mechanistic 
perspective, ErbB2 is considered to be a major factor in oncogene-
sis. However, ErbB2, when overexpressed alone, may exhibit dif-
ferent protein–protein interactions and phosphorylation dynamics 
that may affect its activity in comparison to its overexpression in 
conjunction with that of EGFR and/or ErbB3. Such differences in 
association of ErbB2 with other members of the ErbB RTK family 
may lead to differences in activation of intracellular signaling 
pathways, thus resulting in different cell behavior. To elucidate 
molecular events underlying the role of ErbB RTKs in oncogen-
esis, it is important to study expression of these proteins as well 
as their activation by dimerization/phosphorylation. Accordingly, 
capabilities of the multiplex approach to detect and quantitate 
not only protein expression, but also phosphorylation and pro-
tein–protein interactions are useful as tools for screening drugs 
in the early stage of development, that are designed to target 
functional properties of these clinically important ErbB signaling 
proteins.13,14 In addition, such screening tools may enhance the 
effi ciency of studies on pharmacodynamic effects of small mol-
ecule inhibitors on activities of ErbB RTKs. Furthermore, the use 
of this effi cient approach in studies on activation of these RTKs 
(phosphorylation and dimerization) may evolve into development 
of procedures for cancer diagnostics and monitoring effi cacy 
of targeted therapy. In this report, we present proof-of-concept 
studies using a robust and effi cient multiplex microbead immu-
noassay approach for the detection of expression and activation 
(phosphorylation/heterodimerization) of RTKs in the ErbB fam-
ily. For each of the 4 ErbB family RTKs, 3 multiplex assays are 
described that enable the simultaneous detection of expression, 
heterodimerization, or phosphorylation of these key cell signaling 
proteins in cell line models.
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Luminex-100 Operation and Multiplex Data Analysis
The Luminex-100 instrument (Austin, TX) was set at the 

default settings, set by the manufacturer for routine applications, 
as directed in the user’s manual. Data were acquired by Luminex 
Data Collection Software (Version 1.0). This software package was 
used for routine operation of the instrument, data acquisition, 
and data analysis. The instrument was calibrated with Calibration 
Beads supplied by the manufacturer to adjust the settings for 
bead set identifi cation or “Classifi cation” and for the detection of 
“Reporter” (phycoerythrin). Events were gated to exclude doublets 
and other aggregates. One hundred independent, gated events 
were acquired for each bead set. The median fl uorescence inten-
sity (MFI) or “signal” of a hundred events (beads) was used as a 
measure of the detection of protein phosphorylation. After acqui-
sition by Luminex software, the data were further processed by 
Microsoft Excel software.15

Immunoprecipitation and Western Blotting
Immunoprecipitation and Western blotting were performed 

essentially as described previously.15 For immunoprecipitation, 
individual capture antibody (3 μg/mL) was mixed with 250 μL of 
cell lysates (900–1,500 μg/mL total protein) on a rotator overnight 
at 4°C. Protein G-conjugated Sepharose was added (90 μL of 20% 
slurry) and mixed on the rotator for 1 h at 4°C. Sepharose beads 
were washed 3 times in wash buffer (PBS containing 1% Tween-20, 
100 mM NaCl) and resuspended in 24 μL of PBS plus 8 μL 4× sam-
ple buffer. The samples were boiled for 5 min. Immunocomplexes 
were resolved on SDS-polyacrylamide gels (8%–16% precast gra-
dient Tris–glycine gels, Novex Immunodetection; Invitrogen, 
Carlsbad, CA). Membranes were blocked in 5% BSA (Roche 
Applied Science, Indianapolis, IN). Tyrosine phosphorylation was 
detected with biotin-conjugated anti-phosphotyrosine antibody 
(4G10, 0.5 μg/mL). Blots were developed with Vectastain ABC 
detection reagent (Vector Laboratories, Burlingame, CA) and ECL 
Plus Western blotting detection system (Amersham Biosciences, 
Piscataway, NJ) and visualized on a Typhoon 9410 variable mode 
imager (Amersham Biosciences).

For Western blotting, 30 μg of cell lysate was electrophoresed 
on 8%–16% SDS-polyacrylamide gels under reducing conditions 
for EGFR (biotinylated antibody, Upstate), ErbB3 (biotinylated 
antibody, Santa Cruz Biotechnology, Santa Cruz, CA), ErbB4 
(biotinylated antibody R&D Systems), and actin antibody (R&D 
Systems), or under nonreducing conditions for ErbB2 (biotiny-
lated antibody R&D Systems). After electrophoresis, proteins were 
transferred onto polyvinylidene difl uoride (PVDF) membranes 
(Bio-Rad) and nonspecifi c binding sites were blocked with 5% 
nonfat dry milk (Oxiod Ltd, Basingstoke, Hampshire, England) in 

control for nonspecifi c interactions, and another set was coated 
with biotin-conjugated goat IgG (Jackson Immunoresearch 
Laboratories, West Grove, PA) to serve as a positive control 
for the detection reagent (streptavidin-conjugated phycoery-
thrin). Proteins were conjugated to microbeads as previously 
described.15 In brief, microbeads were activated with sulfo-NHS 
(N-hydroxysulfosuccinamide; Pierce, Rockford, IL) and EDC 
(1-ethyl-3-[3-dimethylaminopropyl] carbodiimide; Pierce). The 
activated beads were washed with 50 mM MES (pH 6.0) buffer. 
To coat with antibody (protein), activated beads were resuspended 
in the relevant protein solution (25–100 μg/mL) in 50 mM MES 
(pH 6.0) buffer. Mixture of activated beads and antibodies was 
incubated by shaking on a rocker for 2 h at RT for coupling. 
After coating, beads were washed twice with wash buffer (0.1% 
Tween-20 in phosphate-buffered saline [PBS], pH 7.40 and resus-
pended in 1 mL of blocking buffer (1% BSA; 0.1% Tween-20 in 
PBS, pH 7.4; 0.05% sodium azide). Blocking was performed by 
shaking on a rocker at room temperature for 30 min. After block-
ing, beads were washed twice in 1 mL blocking buffer. Finally, 
antibody-coated beads were resuspended in 1 mL blocking buffer 
and stored at 4°C for up to a week. For long-term storage, beads 
were kept frozen at −80°C for several months.

Microbead Suspension Array Immunoassay of 
Signaling Proteins

Immunoreactions were set up in 96-well, fi lter-bottomed plates 
designed for high-throughput separations (1.2 μm MultiScreen; 
Millipore Corporation, Billerica, MA) as previously detailed.15 
Microbeads (2,000 beads of each set), coated with a specifi c anti-
body, were mixed. This multiplex, microbead mixture was added 
to each well. To this, 25 μL of cell lysate (0.4 mg/mL total pro-
tein) was added. The contents were mixed at 1,400 rpm on a 
plate shaker (Labnet International Inc., Woodbridge, NJ) for 2 h 
at room temperature (RT). After incubation with the lysate, liq-
uid was drained from the bottom of the plate under vacuum. 
The microbeads were washed twice by adding 150 μL of wash 
buffer per well and draining out under vacuum successively. For 
detection of tyrosine-phosphorylated signaling proteins bound 
to antibodies coated on microbeads, 25 μL of biotinylated anti-
phosphotyrosine antibody 4G10 (0.5 μg/mL in wash buffer) was 
added as the detection reagent. To detect biotinylated 4G10, 
streptavidin conjugated to R-phycoerythrin was added at a dilu-
tion of 1:1,000 in wash buffer as the reporter molecule and incu-
bated for 15 min at RT. Microbeads were washed once with wash 
buffer, resuspended in 100 μL of wash buffer per well, and ana-
lyzed in the Luminex-100TM instrument (Luminex Corporation, 
Austin, TX).
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microbead set coated with BSA was included as a baseline control, 
and a microbead set coated with biotin was added as a positive 
control in the bead mixture. Total protein expression of EGFR, 
ErbB2, ErbB3, and ErbB4 was detected with biotin-conjugated 
detection antibody (distinct from capture antibody coupled to 
microbeads) against each individual RTK (Fig. 1A).

The multiplex immunoassay results were confi rmed by IP/WB 
for the detection of the 4 ErbB family RTKs (Fig. 1B). Both methods 
consistently showed that EGFR was expressed in MDA-MB-468 
and A431 cells, but not in MDA-MB-453 cells. This fi nding is 
consistent with previous reports.16,17 MDA-MB-453 and A431 cells 
expressed ErbB2, whereas MDA-MB-468 cells showed no detect-
able expression of ErbB2. All 3 cell lines expressed ErbB3, and 
ErbB4 was not detected in any of the cell lines (Fig. 1). Taken 
together, these results confi rmed that the multiplex immunoas-
say simultaneously detected expression of 3 of the 4 ErbB family 
RTKs in a single sample of cell lysate.

Phosphorylation of ErbB RTKs
To assess the phosphorylation status of the ErbB receptors for 

cell activation, cells were treated with physiological ligands (EGF 
and neuregulin) or the phosphatase inhibitor sodium pervanadate. 

Pervanadate was 
used as a general cell 
activator to produce 
positive control cell 
lysates for tyrosine 
phosphorylated pro-
teins. Treatment with 
pervanadate inhibits 
intracellular tyrosine 
phosphatases, result-
ing in sustained 
phosphorylation of 
various tyrosine 
kinases and sub-
strates that refl ects 
the activation state of 
the cells.15 Tyrosine 
kinases activated in 
this manner can also 
activate downstream 
s e r i n e / t h r e on i n e 
kinases. In MDA-
MB-468 cells, which 
express EGFR and 
ErbB3 but not ErbB2, 
the phosphorylation 

PBS with 1% Tween-20. Blots were probed with Anti-Mouse HRP-
linked IgG (Cell Signaling Technologies, Cambridge, MA) for EGFR 
and ErbB2, anti-Rabbit antibody HRP-linked IgG (Cell Signaling) 
for ErbB3. The antibodies were used at a concentration of 0.1 mg/
mL. Bands were visualized by horseradish peroxidase/hydrogen 
peroxide-catalyzed oxidation of luminol in the enhanced chemi-
luminescence (ECL) reaction.

RESULTS
Expression of ErbB Family Receptors

To demonstrate specifi c detection of members of the ErbB fam-
ily of RTKs by multiplex microbead suspension array, their expres-
sion was examined in 2 breast cancer cell lines MDA-MB-453 
and MDA-MB-468, and a human epidermoid carcinoma cell line 
A431. The MDA-MB-453 cell line expresses ErbB2 and ErbB3 
but does not show detectable amounts of EGFR and ErbB4. The 
MDA-MB-468 cell line expresses EGFR and ErbB3 receptor but 
does not produce detectable amounts of ErbB2; A431 cells express 
EGFR, ErbB2, and ErbB3 receptors.16,17

Four sets of microbeads, each set coated with monoclonal anti-
bodies to EGFR, ErbB2, ErbB3, or ErbB4, were mixed and incu-
bated with lysates prepared from nonactivated cells. In addition, a 
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Fig. 1. (A) Expression levels of ErbB family of receptors analyzed by multiplex microbead suspension immunoas-
say in MDA-MB-453 (hashed bars), MDA-MB-468 (open bars), and A431 (closed bars) cells. A mixture of micro-
beads coated with antibodies to EGFR, ErbB2, ErbB3, and ErbB4 were incubated with lysates from nonactivated 
cells. Detection of protein expression was achieved by a second antibody against each individual receptor protein. 
Error bars represent standard error of n = 4 values. (B) Western blot analysis of EGFR, ErbB2, ErbB3, and ErbB4 
expression. Actin expression shows equal loading. Abbreviations: MFI, median fl uorescence intensity; RTK, recep-
tor tyrosine kinase.
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Analysis of A431 cells by multiplex micro-
bead suspension array showed that EGFR, ErbB2, 
and ErbB3 were hyperphosphorylated upon treat-
ment with pervanadate. Phosphorylation of EGFR 
increased by 5.5-fold, phosphorylation of ErbB2 
receptor increased by 8.2-fold, and phosphorylation 
of ErbB3 receptor increased by 34.5-fold (Fig. 4A). 
These results confi rmed that the multiplex assay 
was able to detect phosphorylation of 3 of 4 of the 
ErbB family RTKs. EGF induced phosphorylation of 
EGFR by 3.8-fold, and ErbB2 receptor by 3.3-fold. 
However, in the A431 cell line, neuregulin treat-
ment did not increase the level of phosphorylation 
of ErbB3 as dramatically as in the MDA-MB-468 
cell line (Fig. 4). This difference is likely due to 
EGFR sequestering ErbB2 away from ErbB3, and 
thereby compromising the ability of neuregulin to 
lead to dimerization of ErbB2 and ErbB3.

To confi rm the specifi city of antibodies used in 
coating microbeads for capturing ErbB receptors, 
lysates of stimulated cells were also tested by IP and 
WB. Results obtained in IP/WB analysis were gen-
erally similar to those in the multiplex microbead 
assay (Figs. 2–4, panels B). However, in the case of 
MDA-MB-453 cells, increase in phosphorylation of 
ErbB3 above the baseline was not readily detected 
by IP/WB even after treatment with pervanadate 
(Fig. 3). The total amount of ErbB receptors in lysates 
from nontreated and treated cells was similar (Figs. 
2–4, panel C, lower part). Thus, the results of the 
multiplex microbead immunoassays are consistent 
with those obtained by the conventional IP/WB 
method. However, the advantage of the multiplex 
microbead immunoassay is that it enables analysis 

of multiple proteins in a single sample with internal controls and 
affords a higher throughput.

Phosphorylation Kinetics of RTKs in Cells Treated With 
EGF or Neuregulin

To study the kinetics of phosphorylation of ErbB family of 
RTKs upon stimulation with growth factors, a time-course exper-
iment was performed by treating MDA-MB-453, MDA-MB-468, 
and A431 cells with EGF or neuregulin for various intervals of 
time ranging from 1 to 60 min. EGF activation induced phosphor-
ylation of EGFR in MDA-MB-468 and A431 cells (Fig. 5B) but 
not in MDA-MB-453 cells that lack EGFR (Fig. 5A). Interestingly, 
patterns of phosphorylation of EGFR in MDA-MB-468 and A431 
cells are very similar. After treatment with EGF, phosphorylation 

level of EGFR increased by 10.3-fold and 8.7-fold upon stimu-
lation following treatment with sodium pervanadate or EGF, 
respectively (Fig. 2A). Activation of ErbB3 was also observed. 
Pervanadate treatment of these cells resulted in 4.6-fold increase 
in phosphorylation of ErbB3, and a 5.6-fold increase was observed 
upon treatment of cells with neuregulin. This cell line does not 
express the ErbB2 receptor17,18; accordingly, phosphorylation of 
ErbB2 or ErbB4 was not detected (Fig. 2).

In MDA-MB-453 cells, treated with sodium pervanadate, lev-
els of phosphorylated forms of ErbB2 and ErbB3 increased by 
30.8-fold and 39.4-fold, respectively (Fig. 3A). Upon treatment with 
neuregulin (ErbB3 agonist), ErbB3 phosphorylation increased by 
11.3-fold compared to untreated cells. In this experiment,  neither 
expression nor phosphorylation of ErbB4 was detected (Fig. 3).
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Fig. 2. (A) Phosphoproteomic analysis of RTKs by multiplex microbead suspension 
array immunoassay in MDA-MB-468 cells. Cells were used as untreated (empty 
bars), treated with 6.6 mM sodium pervanadate for 5 min (hashed bars), 16.5 nM 
EGF (closed bars), or 1:500 neuregulin for 7 min (reverse hashed bars). A mixture of 
microbeads coated with antibodies to EGFR, ErbB2, ErbB3, and ErbB4 were incu-
bated with the cell lysates. Error bars represent standard error of n = 4 values. (B) 
Immunoprecipitation and western blot analysis of phosphorylation and total ErbB 
receptors in MDA-MB-468 cells. Antibodies used for immunoprecipitation were the 
same as those coated on the microbeads for multiplex analysis. (C) Western blot 
analyses were performed for the detection of total RTK proteins (actin shows equal 
loading). Abbreviations: MFI, median fl uorescence intensity; RTK, receptor tyrosine 
kinase.
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of the 4 lysates, is very high regardless of cell 
activation condition. However, if heterodimer 
formation occurred under certain cell activa-
tion conditions, ErbB2 detection antibody would 
also produce a signal above the basal level for a 
microbead set other than the microbead set spe-
cifi c for capturing ErbB2. Indeed, ErbB2 detection 
antibody produced a signifi cant signal on ErbB3-
specifi c capture beads (Fig. 6A). This signal with 
ErbB2 detection antibody was only present in 
lysates obtained from cells that were activated by 
either neuregulin (11.5-fold signal increase over 
nonstimulated cells) or pervanadate (5-fold signal 
increase); that is, these treatment conditions lead 
to ErbB3 activation. This result indicates that the 
multiplex microbead immunoassay enabled the 
detection of ErbB2:ErbB3 heterodimers under the 
activation conditions that favored these protein–
protein interactions.1 In addition, this result is 
consistent with the previous demonstration with 
other methods that neuregulin treatment of cells 
leads to ErbB2:ErbB3 heterodimer formation.1 In 
a reciprocal experiment, ErbB3 was detected on 
ErbB2-specifi c capture beads (Fig. 6B). Although 
the signal above background (untreated cell 
lysate) was lower, it was signifi cant (3-fold sig-

nal increase). Note that there are differences in assay reciprocity 
as well as variability in the assay background for the different 
microbead sets for detection of ErbB2 and Erb3 in Figure 6. These 
differences could be attributed to the differences in reactivity of 
the antibodies coated on microbeads as well as differences in the 
2 detection antibodies. Nevertheless, it is important to note that 
the signal for ErbB3 detection on ErbB2-specifi c beads (and vice 
versa) was observed only in lysates obtained from activated cells. 
Taken together, the above results indicate that ErbB2 and ErbB3 
RTKs actively engaged in heterodimer formation in the MDA-MB-
453 cell line when ErbB3 was stimulated. The MDA-MB-468 cell 
line does not express ErbB2 receptor.16,17 ErbB2:ErbB3 heterodim-
ers were not detected in this cell line (these authors, data not 
shown).

DISCUSSION
To understand molecular mechanisms underlying the role of 

the ErbB family of RTKs in cancer, it is important not only to 
detect expression but also phosphorylation and heterodimeriza-
tion of these RTKs.18,19 Importantly, there is increasing evidence 
that interplay between the 4 RTKs contributes to more aggres-
sive phenotype and affects response to therapy in breast cancer.18 

of EGFR increased in both MDA-MB-468 and A431 cells within 1 
min; tyrosine phosphorylation continued to increase throughout 
the 60-min period of observation (Fig. 5).

Analysis of the time-course treatment with neuregulin 
revealed the kinetics of phosphorylation of the ErbB3 receptor. A 
clear increase in phosphorylation was observed in MDA-MB-453 
cells that peaked at 15 min and then declined over the next 45 min 
(Fig. 5A). A lower level of increase in phosphorylation of ErbB3 
was observed in neuregulin-treated MDA-MB-468 and A431 cells 
in comparison to untreated cells (Fig. 5B and 5C).

Investigation of Protein–Protein Interactions of RTKs
In breast cancer cell lines, protein–protein interaction between 

ErbB RTKs, under cell activation conditions were investigated by 
the multiplex microbead immunoassay. Cell lysates were analyzed 
from either nonactivated cells, or those treated with pervanadate, 
EGF, or neuregulin. As expected, when multiplex immunoassay 
was performed using ErbB2-specifi c detection antibody, this RTK 
displayed a strong signal for the microbeads coated with ErbB2 
capture antibody (Fig. 6). This fi nding, as expected, shows the pres-
ence of ErbB2 in MDA-MB-453 cell lysates (Fig. 6A). As expected, 
the ErbB2 signal intensity on ErbB2-specifi c microbeads, for each 
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Indeed in MDA-MB-453 cells activated with neuregu-
lin, ErbB2–ErbB3 heterodimers were readily detected 
by the multiplex assay (Fig. 6). Similarly, ErbB2–ErbB3 
heterodimers were found in A431 and prostate cancer 
cell lines (data not shown). In the cell lines used in this 
study, EGFR–ErbB3 or EGFR–ErbB2 heterodimers were 
not detected. The simplest explanation for this obser-
vation is that the predominant form of activated EGFR 
may be a homodimer.

Dimerization of ErbB RTKs induces tyrosine kinase 
catalytic activity, which leads to the autophosphory-
lation of tyrosine residues at the C-terminus of the 
kinase.22 These phosphorylated residues serve as dock-
ing sites for recruitment of proteins, which activate 
downstream signaling cascades,6,12 including Ras-Raf–
mitogen-activated protein kinase (Ras–MAPK), phos-
phatidylinositol-3 kinase–protein kinase B (PI3K–PKB/
Akt, and phospholipase C–protein kinase C (PLC–PKC) 
pathways.22,23 We have developed a multiplex assay for 
the simultaneous detection of phosphorylation for effi -
cient phosphoproteomic profi ling of ErbB RTKs under 
different cell activation conditions. In MDA-MB-453 
cells, neuregulin treatment resulted in the phosphory-
lation of ErbB3. Because EGFR is not present in this cell 

line, EGF treatment did not result in detectable levels of phospho-
rylation of RTKs (Fig. 3). In contrast, MDA-MB-468 cells displayed 
a strong increase in phosphorylation of EGFR upon treatment 
with EGF (Fig. 2). In addition, some increase in the phosphoryla-
tion of ErbB3 was also observed. EGF treatment of A431 cells also 
resulted in a robust increase in phosphorylation of EGFR (Fig. 4). 
However, despite the high level of ErbB3 expression in these cells 
(Fig. 1), treatment with neuregulin did not result in phosphoryla-
tion of ErbB3. This is surprising because, in pervanadate-treated 
A431 cells, ErbB3 was found to be heavily phosphorylated (Fig. 
4). A simple explanation is that in A431 cell line EGFR sequesters 
ErbB2, and under the conditions of activation with neuregulin, 
ErbB2 is not available to dimerize with ErbB3. Thus, ErbB3 phos-
phorylation is inhibited. However, pervanadate is a nonspecifi c 
activator that acts by inhibiting tyrosine phosphatases leading to 
general hyperphosphorylation of tyrosine-phosphorylated signal-
ing proteins. Therefore, in A431 cells treated with pervanadate, 
phosphorylation of ErbB3 is presumably not ErbB2-dependent.

To illustrate the effi ciency of the multiplex microbead suspen-
sion array system in studying intracellular signaling, one may 
consider the example of phosphoproteomic profi ling of RTKs by 
other methods. Phosphoproteomic analysis of the 4 RTKs in breast 
cancer cell lines needed approximately 8 × 104 cells for the mul-
tiplex microbead assay (Fig. 1). Importantly, the same number of 

A multi-pronged approach, enabling determination of expres-
sion as well as function of these potent signaling molecules for 
drug screening, use as biomarkers in cancer diagnosis/prognosis 
and monitoring effi cacy of therapy, would be more valuable. In 
this article, we present proof-of-concept studies for the use of 
the multiplex microbead suspension array method, in 3 multiplex 
panels that enable detection of expression, phosphorylation, and 
heterodimerization of ErbB RTKs.

For the detection of expression of RTKs in breast cancer cell 
lines (MDA-MB-453 and MDA-MB-468) and an epidermoid cell 
line (A431), multiplex microbead suspension array yielded results 
similar to those obtained by western blot (Fig. 1). As expected, 
the MDA-MB-453 cell line expressed ErbB2 and ErbB3, and the 
MDA-MB-468 cell line expressed EGFR and ErbB3. A431 cells 
expressed 3 RTKs (EGFR, ErbB2, and ErbB3). These RTKs are acti-
vated by EGF-like growth factors that promote receptor-mediated 
homo- and heterodimers.11 Among ErbB family members, ErbB2 
does not have a known growth-factor ligand, whereas ErbB3 has a 
defective kinase activity but retains the capacity to bind neuregu-
lin.20 Therefore, these 2 ErbB receptors must heterodimerize with 
each other, or with other members of this RTK family to transmit 
signals. These protein–protein interactions may vary from cell 
type to cell type.4,20 Neuregulin leads to ErbB2–ErbB3 heterodi-
merization, which subsequently produces biological effects.12,20,21 
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time-course activation of 
MDA-MB-453, MDA-MB-
468, and A431 cell lines. 
Cells were activated by both 
agonists (EGF and neu-
regulin) and samples were 
collected at 7 time points 
over a period of 1 h for the 
phosphoproteomic analy-
sis (56 data points) (Fig. 5). 
The kinetic analysis high-
lighted the following fea-
tures of RTK activation: (a) 
the assay readily enabled 
investigation of temporal 
changes in phosphorylation 
of several proteins simulta-
neously, involving multiple 
time points, (b) activation 
kinetics of EGFR in the 2 
cell lines that expressed it 
(MDA-MB-468 and A431) 
were similar, displaying 
a continuous increase in 
overall tyrosine phospho-
rylation over 60 min, and 
(c) the assay was conve-
nient for monitoring signal 
increase as well as its decay 
(ErbB3). In comparison to 
fi xed formats such as pep-
tide array systems,24 the 

multiplex microbead format offers a fl exibility and ease of adapt-
ability where microbead sets coated with capture antibodies can 
be included or excluded from the mixture at will. Methods based 
on 2-D gel electrophoresis and mass spectroscopy have recently 
been applied for simultaneous analysis of multiple signaling pro-
teins in cells.25–29 However, these methods require complex pro-
tocols for sample analysis as well as complicated and very costly 
instrumentation for biological and clinical applications.

This study outlines an effi cient approach for the determination 
of expression, phosphorylation, and identifi cation of heterodi-
meric partner(s), performed on the Luminex platform. As shown 
earlier, results obtained by the multiplex immunoassays can be 
quantitatively compared across different cell types for each pro-
tein individually. For example, the relative expression levels of 
individual ErbB RTKs in 3 different cell lines are clearly refl ected 
by their respective MFI values (Fig. 1). Similarly, phosphorylation 

cells would suffi ce for the phosphoproteomic analysis of several 
other downstream signaling proteins simultaneously with ErbB 
RTKs to obtain more detailed information on intracellular sig-
naling (downstream signaling studies in breast cancer to be pub-
lished elsewhere).13 In contrast, to obtain similar information by 
IP/WB and ELISA analyses of ErbB RTKs, much larger number of 
cells (4 × 107 and 8 × 106, respectively) were required (Figs. 2–4; 
ELISA data (these authors) not shown). Similarly, expression of a 
wide variety of cell signaling proteins could be performed in a 
relatively small number of cells (8 × 104 cells). Thus, the need for 
only a small amount of sample for profi ling of several signaling 
proteins (theoretically up to 100) is a clear advantage of the mul-
tiplex microbead assay system.

Utility and small-sample requirement of this novel multiplex 
immunoassay for detection of phosphorylation were further dem-
onstrated by the analysis of phosphorylation of ErbB RTKs in a 
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2. Lo HW, Hsu SC, Hung MC: EGFR signaling pathway in breast cancers: from tra-

ditional signal transduction to direct nuclear translocalization. Breast Cancer 

Res Treat 2006;95:211–218.

3. Ono M, Kuwano M: Molecular mechanisms of epidermal growth factor receptor 

(EGFR) activation and response to gefi tinib and other EGFR-targeting drugs. 

Clin Cancer Res 2006;12:7242–7251.

4. Sweeney C, Miller JK, Shattuck DL, Carraway KL: ErbB receptor negative reg-

ulatory mechanisms: implications in cancer. J Mammary Gland Biol Neoplasia 

2006;11:89–99.

5. Agrawal A, Gutteridge E, Gee JM, Nicholson RI, Robertson JF: Overview 

of tyrosine kinase inhibitors in clinical breast cancer. Endocr Relat Cancer 

2005;12(Suppl 1):S135–S144.

6. Niu G, Carter WB: Human epidermal growth factor receptor 2 regulates angio-

poietin-2 expression in breast cancer via AKT and mitogen-activated protein 

kinase pathway. Cancer Res 2007;67:1487–1493.

7. Engel RH, Kaklamani VG: HER2-Positive breast cancer: current and future 

treatment strategies. Drugs 2007;67:1329–1341.

8. Johnston JB, Navaratnam S, Pitz MW, Maniate JM, Wiechec E, Baust H, 

Gingerich J, et al.: Targeting the EGFR pathway for cancer therapy. Curr Med 

Chem 2006;13:3483–3492.

9. Leong TY, Leong AS: Controversies in the assessment of HER-2: more questions 

than answers. Adv Anat Pathol 2006;13:263–269.

10. Britsch S: The neuregulin-I/ErbB signaling system in development and disease. 

Adv Anat Embryol Cell Biol 2007;190:1–65.

11. Stortelers C, van der Woning SP, Jacobs-Oomen S, Wingens M, van Zoelen 

EJ: Selective formation of ErbB-2/ErbB-3 heterodimers depends on the 

ErbB-3 affi nity of epidermal growth factor-like ligands. J Biol Chem 

2003;278:12055–12063.

12. Graus-Porta D, Beerli RR, Daly JM, Hynes NE: ErbB-2, the preferred heterodi-

merization partner of all ErbB receptors, is a mediator of lateral signaling. 

EMBO J 1997;6:1647–1655.

13. Abd El-Rehim DM, Pinder SE, Paish CE, Rampaul RS, Balmey RW, Robertson JFR, 

et al.: Expression and co-expression of the members of the epidermal growth fac-

tor receptor (EGFR) family in invasive carcinoma. Br J Cancer 2004;91:1532–1542.

levels of each of the RTKs in 3 different cell lines are shown by 
their respective MFI values (Figs. 2–4).

In conclusion, the studies reported here provide proof-of-con-
cept for the use of the multiplex microbead suspension array as 
a highly effi cient method for simultaneous detection of expres-
sion, phosphorylation, and heterodimerization of the ErbB RTKs 
in cancer cells. This approach is relatively high throughput and 
quantitative and enables the study of critically important attri-
butes of ErbB RTKs in cancer. The results presented here demon-
strate the feasibility of the multiplex suspension array approach 
for analysis of molecular mechanisms by which RTKs exert their 
oncogenic effects. This approach can also be used for the simul-
taneous detection and quantitation of expression, phosphoryla-
tion, and heterodimerization of many other signaling proteins, 
and hence the multiplex microbead suspension array system holds 
promise as a novel method for drug screening, cancer diagnosis, 
and the prediction of outcomes in cancer patients.
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Androgen ablation therapy is effective in treating androgen-
dependent prostate tumors; however, tumors that can prolifer-
ate in castrate levels of androgen eventually arise.Wepreviously
reported that in CWR22Rv1 (Rv1) cells, the protease calpain 2
can cleave the androgen receptor (AR) into a constitutively
active�80,000 lowmolecularweight (LMW) form. In this study,
we further dissect the mechanisms that produce the AR LMW
forms using Rv1 cells and the related CWR22-R1 (R1) cells. The
39-amino acid insertional mutation in the Rv1-AR (E3DM-AR)
sensitizes this AR to calpain 2 proteolysis. R1 cells encode the
same ARmolecule as the parental CWR22 xenograft. Using cal-
pain 2 small interfering RNA and calpeptin, we find that calpain
2 plays a role in the generation of the LMW-AR in R1 cells.
Furthermore, LMW-AR expression is regulated by the activa-
tion of calpain 2 by ERK 1 and 2. Inhibition of ERK phosphory-
lation or small interfering RNA-mediated decrease of ERK
expression reduces LMW-AR levels inR1 cells. Conversely, acti-
vation of the MAPK pathway results in increased ERK phos-
phorylation and increased levels of LMW-AR. Finally, analyses
of human tumor samples found that LMW-AR levels are higher
in tumors that have an increased calpain/calpastatin ratio
and/or increased levels of phospho-ERK (pERK). This suggests
that a higher calpain/calpastatin ratio collaborates with acti-
vated ERK to promote the generation of the LMW-AR.

Prostate cancer is a commonly diagnosed malignancy that
is treated with hormonal therapy aimed at blocking signaling
through the androgen receptor (AR).2 Initially, androgen abla-
tion therapy is effective, but eventually, this treatment leads to
the development of aggressive relapsed tumors that thrive in

the absence of androgens. Analysis of clinical samples revealed
that �90% of the relapsed tumors express AR (1–4). The AR, a
member of the steroid hormone superfamily of ligand-acti-
vated transcription factors (5, 6) is central to the initiation and
growth of prostate tumors and their responses to therapy. In
the absence of ligand, the AR is retained in the cytoplasm. The
binding of hormone alters the conformation of AR to promote
translocation of theAR into the nucleus, where it regulates gene
transcription (6–8).
Aberrant AR activity has been postulated to promote prolif-

eration of tumor cells in reduced levels of androgen. Studies
have shown that 25–30%of androgen-independent tumors that
arose following androgen ablation have AR gene amplification
(9, 10). AR mutations are more commonly observed in andro-
gen-independent tumors (11, 12) and usually broaden ligand
specificity (13). The AR present in CWR22 xenograft cells has a
mutation in the ligand binding domain (LBD; H847Y) that
enhances responsiveness to estradiol and progesterone (14).
Structure function analysis of the AR showed that deletion of
the LBD generates a constitutively active AR molecule (15). A
subsequent study identified a nonsense mutation at Q640 that
results in a truncated constitutively activeAR in a tumor refrac-
tory to androgen ablation therapy (16). We and others previ-
ously reported that calpain cleaves the ARmolecule to produce
various LMW isoforms (17–19), including an �80,000 C-ter-
minally truncated AR.We found that the �80,000 LMW-AR is
present in some human prostate tumors (18). Using the andro-
gen-independent Rv1 cell line that expresses high levels of the
LMW-AR, we demonstrated that inhibition of calpain activity
induces apoptosis in cells cultured in the absence of androgen.
These studies implied that calpain-dependent proteolysis of the
AR may play an important role in conferring androgen inde-
pendence in a subset of prostate cancer cases (18). In this study,
we show that calpain 2 and ERK collaborate in the generation of
the LMW-AR.

EXPERIMENTAL PROCEDURES

Cell Culture and Pharmacological Agents—LNCaP, Rv1,
PC3, and DU145 cells were obtained fromAmerican Type Cul-
ture Collection. R1 cells were provided by Dr. ElizabethWilson
(University of North Carolina). Rv1, PC3, DU145, and R1 cells
were propagated in RPMI 1640 supplemented with 5% fetal
bovine serum, 2 mmol/liter L-glutamine, 100 units/ml penicil-
lin, and 100 �g/ml streptomycin (Invitrogen) at 37 °C and 5%
CO2. LNCaP cells were propagated in 10% fetal bovine serum.
RWPE, pRNS-1-1, and PZ-HPV-7, obtained from Dr. Ralph
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Predoctoral Award PC073557 (to H. C.).
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2 The abbreviations used are: AR, androgen receptor; Rv1, CWR22Rv1; R1,
CWR22-R1; LMW, low molecular weight; FL, full-length; CLDN4, claudin 4;
ERK, extracellular signal-regulated kinase; pERK, phospho-ERK; TPA,
phorbol ester 12-O-tetradecanoylphorbol-13-acetate; MTS, 3-(4,5-dimeth-
yl-thiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide; wt, wild-type; E3DM-AR, exon 3 duplication mutation AR; FAK, focal
adhesion kinase; LBD, ligand binding domain; MEK, mitogen-activated
protein kinase/extracellular signal-regulated kinase kinase; GAPDH, glyc-
eraldehyde-3-phosphate dehydrogenase; MAPK, mitogen-activated pro-
tein kinase.
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deVere White, were maintained in a keratinocyte serum-free
medium supplemented with 50 mg/ml bovine pituitary extract
and 5 ng/ml epidermal growth factor (Invitrogen). All cell lines
were incubated at 37 and 5% CO2. For in vivo inhibition of
calpain activity, 2 � 105 cells were plated in 35-mm plates and
cultured in androgen-containing or androgen-depleted media
(phenol red-free media/charcoal-stripped serum) for 48 h.
Bicalutamide (Casodex) was fromAstraZeneca (Cheshire, UK).
For calpain inhibition studies, cells were treated with dimethyl
sulfoxide or 40 �mol/L calpeptin (Calbiochem) for 24 or 48 h,
washed with cold phosphate-buffered saline, and harvested.
For MEK inhibition studies, cells were treated with 20 �M

U0126 (Cell Signaling) or dimethyl sulfoxide for 24 and 48 h.
Protein kinase C activity was stimulated by treatment with 10
nM 12-O-tetradecanoylphorbol-13-acetate (TPA) (LC Labora-
tories) dissolved in dimethyl sulfoxide.
Western Immunoblot Analysis—Cells were placed in a 4 °C

radioimmunoprecipitation lysis buffer that contained calpeptin
and a protease inhibitormixture (Sigma). Thirtymicrograms of
protein were separated on 8%, 10%, or 12% SDS-PAGE gels and
transferred to BA-85 membrane (Schleicher & Schuell) and
blocked with 5% nonfat dry milk in phosphate-buffered saline
and 0.1% Tween 20. The following antibodies were used: AR
(central) clone 441 (Ab-1; Lab Vision Corp.), ARNH2 terminus
(N-20; Santa Cruz Biotechnology), Calpain 2 (Domain III,
Sigma), calpastatin (1F7E3D10, Calbiochem), ERK (Cell Signal-
ing), pERK (Thr202/tyr204, Cell Signaling), and FAK (clone
4.47; Upstate), GAPDH (clone 6C5, SantaCruz Biotechnology).
Proteins were detected using Enhanced chemiluminescence
(GE Healthcare).
RNA Interference—2 � 105 Rv1 and R1 cells were plated in

60-mmdishes. 24 h later, the cells were transfectedwith 130 nM
calpain 2 siRNA ON-TARGETplus SMARTpool or ERK 1 and
2 siRNA ON-TARGETplus SMARTpool (Dharmacon Re-
search Inc.) with Lipofectamine 2000 (Invitrogen). The ON-
TARGETplus nontargeting siRNA was used as a negative
control. Cells were harvested for RNA analysis 72 h post-trans-
fection (RNeasy mini kit) (Invitrogen).
In Vitro Calpain Assay—Cells were resuspended in calpain

assay buffer (50 mmol/liter HEPES (pH 7.4), 150 mmol/liter
NaCl, 1% Triton X-100). Calpain was activated with addition of
CaCl2 to 1 mM. The reactions were incubated at 25 °C.
Transfection—Cells were transfected using Lipofectamine

2000 (Invitrogen) following the manufacturer’s protocol. Cells
were harvested 48 h after transfection and subjected to analysis
as described previously (18).
Cell Proliferation Assay—Cellular proliferation was as-

sessed using the 3-(4,5-dimethylthiazol-2yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
or the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium
bromide (MTT) assay (Promega) following manufacturer’s
recommendations.
Real-time PCR—Total cellular RNA was prepared from cells

(RNeasy) and cDNA was synthesized from 1 �g RNA using
QuantiTect (Qiagen) reverse transcription kit. cDNAs were
diluted 1:4 in double distilledH2O, and 2�l of cDNAwas added
to 5 �l of EXPRESS SYBR� GreenER qPCR supermix (Invitro-
gen) and 200 nM of each primer for a total volume of 10 �l.

GAPDH was used as the standard. PCR conditions were as fol-
lows: a 20-s initial denaturation step at 95 °C; 40 cycles at 95 °C
for 3 s, 60 °C for 30 s, followed by a melt curve at 95 °C for 15 s,
60 °C for 15 s, an increase to 95 °C over 20min; an additional 95
cycles starting at 60 °C with a 0.5 °C increase per cycle for melt
curve analysis. The Eppendorf Mastercycler ep Realplex was
used for this study. Primer sequences: GAPDH: 5�-TGCACC-
ACCAACTGCTTA-3� and 5�-AGAGGCAGGGATGATGTT-
C-3�; CLDN4: 5�-AACCCTGACTTTGGGATCTG-3� and 5�-
AGATGCAGGCAGACAGAGTG-3�; HPRT1: 5�-TGACAC-
TGGCAAAACAATGCA-3� and 5�-GGTCCTTTTCACCAG-
CAAGCT-3�.
Statistics—Analyses using a two-tailed Student’s t test were

used to compare two groups. p � 0.05 was considered statisti-
cally significant.

RESULTS

Characteristics of the Rv1 and R1 Cell Lines—Two castrate-
resistant cell lines, R1 and Rv1, were derived from two indepen-
dent CWR22 relapsed tumors. The cellular phenotypes of the
Rv1 and R1 cells are similar. In the presence of androgen the
cells tend to grow in clusters, whereas in the absence of andro-
gens, they tend to bemore scattered and less adhesive (Fig. 1A).
TheAR in both lines has the same LBDmutation as theCWR22
xenograft (20, 21). As previously reported, R1 and Rv1 cells
express the LMWAR forms (Fig. 1B) (20, 21). Western immu-
noblot analysis indicated that R1 cells expressed higher levels of
AR than Rv1 cells, but the ratio of the LMW to full-length
(FL)-ARwas higher in Rv1 cells. The size of the FL-AR in the R1
cells is smaller than the FL-AR in the Rv1 cells, because R1 cells
do not have the 39 amino acid duplication of exon 3. Closer
inspection revealed that the �80,000 LMW forms could be
resolved into several discrete bands (Fig. 1B). The MTS prolif-
eration assay confirmed that the R1 and Rv1 cell proliferation
rates were only slightly slower in androgen-depleted media
compared with cells grown in the presence of androgen (Fig.
1C). The proliferation assay conducted in the presence of 10�M

Casodex indicated that R1 and Rv1 cells were refractory to the
effects of this AR inhibitor (Fig. 1D). Although all three lines are
responsive to androgen, only LNCaP cells are dependent on
androgen to sustain growth.
Generation of the LMW-AR Involves Calpain—We have

reported previously that the inhibition of calpain activity by
calpeptin reduces the expression of the LMW-AR in Rv1
cells (18). Likewise, treatment of R1 cells, proliferating in the
presence or absence of androgen, with calpeptin reduced the
levels of LMW-AR in R1 cells (Fig. 2A). We previously
showed that proteolysis of the calpain substrate focal adhe-
sion kinase (FAK) is a good indicator of calpain activity (22).
Calpeptin treatment of R1 cells reduced the levels of LMW-
FAK (Fig. 2A). To further analyze the role of calpain in the
generation of LMW-AR, calpain 2 expression was analyzed
in several tumor derived, as well as immortalized, prostate
cell lines. R1 cells expressed much higher levels of calpain 2
than Rv1 and LNCaP cells (Fig. 2B). Interestingly, the two AR
negative and highly metastatic cell lines, PC3 and DU145,
expressed the highest levels of calpain 2. Given that calpain
activity is regulated by its endogenous inhibitor calpastatin,
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we analyzed calpastatin levels as well, and found that expres-
sion was comparable in all the cell lines (Fig. 2B). R1 cells had
higher amounts of proteolyzed FAK, indicating greater cal-
pain activity (Fig. 2C). The extent of FAK cleavage was
greater in the absence of androgen, suggesting that calpain
activity may be higher under androgen-depleted conditions.
To further confirm the involvement of calpain 2 in the gen-
eration of the LMW-AR forms in R1 cells, we used calpain 2

siRNA to reduce calpain 2 expression. A previous study
reported that calpain 2 has a very long half-life of 5 days (23).
A 6-day treatment resulted in an �60% reduction of calpain
2 protein levels in R1 cells (Fig. 2D) and reduced levels of the
LMW-AR forms (Fig. 2D). This treatment also reduced FAK
proteolysis indicating that calpain 2 activity was reduced.
This analysis indicates that calpain 2 plays a role in the gen-
eration of the LMW-AR in R1 cells.

FIGURE 1. Rv1 and R1 cells proliferate in castrate levels of androgen. A, R1 and Rv1 cells proliferating in the presence of androgen (AD�) are less refractile
than cells in androgen-depleted media (AD�). B, AR expression is greater in R1 than in Rv1 cells, but the FL and LMW-AR expressed in R1 cells is slightly smaller
that that expressed in Rv1 cells. C, R1 and Rv1 cells proliferate in castrate levels of androgen, but proliferation is slightly greater in the presence of androgen.
Androgen depletion inhibits LNCaP proliferation. D, Rv1 and R1 cells proliferate in the presence of 10 �M Casodex. Ab, antibody; Nter, N-terminal; FBS, fetal
bovine serum; CSS, charcoal stripped serum.
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In R1 cells, the expression of claudin 4 (CLDN4) is highly
repressed by the addition of androgen (Fig. 2E). If calpeptin treat-
ment reduces the levelsofLMW-AR, then in theabsenceofandro-
gen the expression of androgen repressed genes may be further
activated. In the absence of androgen calpeptin treatment of R1
cells further increased the expression of CLDN4, thus arguing the
LMW-AR has a role in transcription of certain genes.
The Exon 3 Duplication Sensitizes E3DM-AR to Calpain

Proteolysis—Rv1 cells express higher levels of the LMW-ARbut
have low expression of calpain 2 protein and calpain activity
(Fig. 2).We hypothesized that the exon 3 duplication sensitizes
the E3DM-AR to calpain cleavage. The AR-null PC3 cells
expressing high levels of calpain 2 were transfected with cDNA
plasmids encoding either the wild-type or E3DM-AR. As

expected, the E3DM-AR was slightly larger than the wild-type
receptor (Fig. 3A). Additionally, the LMW forms generated in
cells transfectedwith the E3DM-ARwere larger than the LMW
forms generated from the wild-type AR cDNAs. To test the
hypothesis that the E3DM-AR is more sensitive to calpain-de-
pendent proteolysis, extracts prepared from the transfected
cells were treated with CaCl2 to activate endogenous calpain
activity. As shown in Fig. 3B, the AR was progressively cleaved
into the smaller forms by the addition of CaCl2. The amount of
FL-AR remaining was quantitated and indicated that the
E3DM-AR was degraded more rapidly than the wt AR. The
inclusion of calpeptin retarded proteolysis, indicating that pro-
teolysis was calpain-dependent (Fig. 3B). While the �80,000
forms were present initially and throughout the time course, as
proteolysis progressed, the LMW-AR was further proteolyzed
to smaller peptides. In vivo, the � 80,000 LMW-AR forms that
are generated by proteolysis can translocate into the nucleus,
where they would be less susceptible to further proteolysis. In
vitro, as was previously observed (17) activated calpain proteo-
lyzes the AR to still smaller forms. The mutant E3DM-AR was
cleavedmore rapidly than the wild-type FL-AR, resulting in the
disappearance of the FL-AR (compare lanes 4 and 9).
The Expression of the LMW-AR Is Regulated by ERK—Cal-

pain activity is tightly regulated by various mechanisms,
including phosphorylation. Previous studies have shown
that ERK can phosphorylate calpain 2 to stimulate protease
activity (24). ERK expression was analyzed in immortalized
(RWPE-1, PZ-HPV-7, and pRNS-1-1) and tumor derived
(PC3, LNCaP, Rv1, R1, and DU145) cell lines. All of the tumor-
derived cell lines had higher levels of ERK in comparison to the
immortalized cell lines (Fig. 4A). A comparison of R1 and Rv1

FIGURE 2. Calpain expression and activity in prostate-derived cells.
A, inhibition of calpain activity in R1 cells with calpeptin (40 uM) for 48 h
decreases the expression of the LMW-AR (relative to FL-AR) by 55% in the
absence of androgen (Ad) and 43% in the presence of androgen. B, top panel,
Western blot analysis of calpain 2 levels in nontransformed and tumor pros-
tate cells. Bottom panel, Western blot analysis of calpastatin levels in non-
transformed and tumor cells. GAPDH served as a loading control. C, calpain-
dependent proteolysis of FAK from a 120-kDa to a 90-kDa form and ultimately
smaller forms is indicative of calpain activity. FAK proteolysis is greater in R1
than in Rv1 cells and is greater in both cells in the absence of androgens.
D, calpain 2 siRNA down-regulated calpain 2 protein levels 144 h post-trans-
fection in R1 cells. The down-regulation of calpain 2 expression by calpain 2
siRNA reduced the LMW-AR (relative to FL-AR) by 54% in the absence of
androgen and 39% in the presence of androgen. Calpain-dependent proteo-
lysis of FAK was also decreased. E, expression of CLDN4 in R1 cells culture in
androgen-depleted media, following a 2-h stimulation with DHT and a 24-h
treatment with 60 �M calpeptin was assessed by real-time PCR. CLDN4
expression was standardized to GAPDH. Error bars represent S.D. p � 0.05. Ab,
antibody; siC, control siRNA; siCalapin, calpain 2 siRNA.

FIGURE 3. Transient expression of wt and E3DM-AR cDNA in PC3 cells.
A, transfection of PC3 cells with wt or E3DM-AR cDNA results in the expression
of FL and LMW (denoted by arrows and brackets) forms of AR. The three non-
specific bands at �80,000 present in the nontransfected PC3 cells serve as
markers (denoted by dots). The FL and LMW forms expressed in cells trans-
fected with the E3DM-AR are slightly larger. B, extracts prepared from PC3
cells transfected with wt or E3DM-AR were treated with 1 mM CaCl2 to activate
calpain activity. The E3DM-AR is degraded more rapidly than the WT AR (com-
pare lanes 1 and 6, lanes 2 and 7, and lanes 4 and 9). N-ter, N-terminal; 60�C, 60
min in presence of calpeptin.
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cells proliferating in the absence and presence of androgen
showed that R1 cells had higher levels of the active form of the
protein (pERK) under both conditions (Fig. 4B).
ERK is phosphorylated and activated by MEK, a dual threo-

nine and tyrosine kinase (24). Treatment of R1 cells with the
MEK inhibitor U0126 for 24 or 48 h reduced ERK phosphory-
lation (Fig. 4C). An analysis of AR in the same extracts (Fig. 4C)

indicated that inhibition of ERK activity reduced the levels of
LMW-AR. Similar results were found in Rv1 cells (data not
shown). To confirm that LMW-AR expression is dependent on
ERK, cells were treated with control siRNA and ERK siRNA.
Inhibition of ERK expression resulted in decreased levels of
LMW-AR (Fig. 4D). This analysis established that ERK activa-
tion has a role in the etiology of the LMW-AR forms.
Because the protein kinaseC activator TPA can result in ERK

phosphorylation (25), Rv1 and R1 cells were treated with TPA
in the absence of androgen for 1 or 2 h to stimulate ERK activity.
This treatment promoted an increase in levels of the LMW-AR
indicating that activation of this pathway resulted in enhanced
AR proteolysis (Fig. 5A). TPA treatment of Rv1 cells also
resulted in decreased levels of the FL-AR; after a 2-h TPA treat-
ment, the FL-ARwas barely discernable, arguing that in vivo, as
in vitro, the Rv1 AR is more sensitive to proteolysis.
To test our hypothesis that an increase in calpain 2 and ERK

activity collaborate in promoting LMW-AR expression, we
examined calpain 2, calpastatin, and pERK levels in 6 of 13
tumor samples previously analyzed for the expression of the
LMW-AR. Three of the thirteen samples that had the highest
levels LMW-AR (01, 31, and 94) and three that had low levels of
LMW-AR (21, 25, and 28) were used in the analysis (Fig. 5B).
The expression of LMW-AR was defined as percent of total.
Interestingly, the levels of the endogenous calpain inhibitor cal-
pastatin was variable. It was higher in samples 21 and 25, which
have lower levels of LMW-AR and lowest in Sample 01. Samples
01 and 31 had high levels of pERK (Fig. 5C). The remaining sam-
pleshad lowpERKlevels.Therefore, the threesamples thathadthe
highest LMW-AR had high levels of pERK or a high amount of
calpain 2. Conversely, samples that had low LMW-AR levels had
little pERK and elevated calpastatin levels. This limited analysis
suggests that in human tumors an increased ratio of calpain to

FIGURE 4. Inhibition of ERK phosphorylation reduces the expression of
the LMW-AR. A, Western blot analysis of ERK expression in nontransformed
and tumor-derived cell lines. B, the pERK levels are higher in R1 than Rv1 cells
in the presence or absence of androgen. C, R1 cells were treated with 20 �M of
the MEK inhibitor U0126 (I) or vehicle (C) for 24 or 48 h. The top portion of the
blot shown in the top panel was used to detect AR. Inhibition of ERK phos-
phorylation reduced the expression of the LMW-AR relative to FL-AR by 32%
in 24 h and 51% in 48 h. The arrows denote the FL and �80,000 LMW-AR.
D, ERK-specific siRNA reduced the expression of pERK and the levels of
LMW-AR relative to FL-AR to 51.8% in the presence of androgen (AD�) and
21% in the absence of androgen (AD�). Ab, antibody; si, small interfering; siC,
control siRNA.

FIGURE 5. ERK activation and calpain/calpastatin ratios collaborate to promote expression of the LMW-AR. A, treatment of R1 and Rv1 cells with TPA (10
nM) for 1 and 2 h increases the expression of the LMW-AR forms (top panel). Control cells were treated with dimethyl sulfoxide. The bottom panel shows that TPA
treatment increases pERK levels. Arrows denote the full length and LMW AR or pERK. B, higher calpain/calpastatin and pERK levels together correlate with
higher expression of LMW-AR in tumor samples. Arrows denote tumors with highest percent of LMW AR. C, quantitation of the protein levels in B. The
calpain/calpastatin ratios multiplied by levels of pERK were calculated for tumors that express high levels of LMW-AR (01, 30, and 94) and samples that had low
levels of LMW-AR (21, 25, 28). The average calpain/calpastatin � pERK levels are significantly higher in samples with elevated levels of LMW-AR. Error bars
represent S.D. p � 0.05. canp2, calpain 2; cast, calpastatin.
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calpastatin and increasedERKactivity, work in concert contribute
to increased LMW-AR expression.

DISCUSSION

R1 and Rv1 cell lines were derived from relapsed CWR22
tumors and express the FL-AR as well as LMW-AR forms.
However, the FL and LMW-AR forms expressed in Rv1 cells is
larger than those in R1 cells due to a 39-amino acid insertional
mutation at the junction of theDNAbinding domain and hinge
region (21). Transient expression of the E3DM-AR cDNA in
PC3 cells also results in the expression of slightly larger LMW
forms than transfection of the wt AR cDNA. Activation of cal-
pain AR-transfected PC3 extracts indicates that the E3DM-AR
is more susceptible to proteolysis than the wt AR. In vivo acti-
vation of calpain activity through activation of ERK also pro-
motes a more rapid proteolysis of the E3DM-AR. Early studies
reported that a serine protease can proteolyze the AR to gener-
ate a �30,000 or �40,000 fragment containing the LBD (26).
More recently, an independent study found that in vitro, cal-
pain proteolyzes the AR to smaller amino-terminal fragments;
those fragments include an�75,000 polypeptide (17). Our data
suggest that the junction between the DNA binding domain
and LBDmight be especially sensitive to proteolysis. Therefore,
it is not unexpected that the insertion of 39 additional amino
acids near this region would alter AR structure and further sen-
sitizes the molecule to calpain proteolysis (27, 28). Unlike Rv1
cells, R1 cells have an AR that is identical to the AR in the
parental CWR22 xenograft. Therefore, we postulated that
other molecular alterations must account for the increased
expression of the LMW-AR. The current study shows that R1
cells express higher levels of calpain 2 and pERK than Rv1 cells.
These two features collaborate to elevate calpain activity and
promote proteolysis of the AR and FAK. The role of calpain in
the degradation of AR is substantiated by the reduction of
LMW-AR caused by inhibition of calpain by calpeptin or a
decrease of calpain 2 by siRNA. A comparison of R1 and Rv1
cells indicated that R1 cells had higher levels of ERK and pERK.
The participation of ERK in AR proteolysis was demonstrated
by an siRNA-mediated decrease of ERK and by the inhibition of
ERKphosphorylation by theMEK inhibitorU01286. Therefore,
a decrease of ERK levels or ERK activity reduces LMW-AR
expression. Activation of ERK by TPA in Rv1 and R1 cells
results in a time-dependent increase in the generation of
LMW-AR. The short interval required for increased LMW-AR
generation is consistent with activation of a signaling cascade
that results in the activation of a protease. The MAPK phos-
phorylation cascade that leads to ERK activation has been well
studied and is considered a target for cancer therapeutics (29).
Since ERK activation in prostate tumors has been previously
reported (30), this is a potential mechanism that could contrib-
ute to the expression of LMW-AR in human tumors. Likewise,
increased calpain 2 expression has been observed in prostate
tumors. Because the activity of calpain 2 is partly regulated by
calpastatin, the ratio of calpain/calpastatin affects calpain 2
activity. The expression of calpastatin has not been previously
studied in prostate tumors. However, an increase in the cal-
pain/calpastatin ratio has been reported in a study of colorectal
cancer (31), which showed that calpastatin levels are high in

normal mucosa but decreased in tumor tissue. Moreover,
increased expression of calpain 2 was detected in colorectal
tumors and polyps, suggesting that the increase of calpain 2
levels may be an early event in the tumorigenesis process. At
this point, we cannot rule out that calpain 1 contributes to the
generation of the LMW-AR. Interestingly, calpain 1 has been
shown to activate ERK (32), and, therefore, all of these mole-
cules may be components of a regulatory pathway. The impor-
tance of the calpain/calpastatin equilibrium and the activation
of the MAPK signaling pathway in prostate tumorigenesis
remain to be defined.
Recent studies reported that the LMW-AR forms expressed

in Rv1 cells are derived from an alternatively spliced ARmRNA
(33–35). However, the studies do not agree on the identity of
the spliced forms that give rise to the LMW-AR forms. Our
analysis shows that several LMW-AR forms are expressed in
Rv1 and R1 cells. Because we did not completely eliminate the
expression of the LMW-AR by inhibiting calpain 2 and pERK,
some of the LMW-AR forms could be derived from alterna-
tively spliced AR mRNA. This is analogous to results obtained
from studies of cyclin E. In transformed cells, several LMW
cyclin E forms can be detected (36). Studies have shown that
some of the LMWcyclin E forms are derived from alternatively
spliced mRNAs, whereas others are generated by proteolysis of
cyclin E protein (22, 37–39). The LMW cyclin E forms have
altered cellular localization and are associated with higher
kinase activity (40, 41).We agreewith the interpretation ofGuo
et al. (35) that severalmechanisms can be employed to generate
LMW-AR forms. These LMW-AR forms may not be identical,
but they would share critical features including the presence of
the activation and DNA binding domains and a deletion of the
LBD. Such AR molecules would be able to translocate into the
nucleus in an androgen-independent manner, bind to DNA,
and activate or repress gene transcription. Furthermore, the
interaction of the LMW-AR and FL-AR with various AR-inter-
acting proteins may differ, and, therefore, if the LMW-AR and
the FL-AR bind to identical DNA sequences, they may have
differential effects on gene transcription.
Multiple calpain substrates have been previously implicated

in cellular transformation. This suggests that an alteration of
the calpain/calpastatin equilibrium, which is observed in some
tumors, would affect multiple pathways that drive tumor pro-
gression. The modulation of calpain activity could result in a
constellation of changes that would be difficult to ascribe to any
individual molecule. This feature of calpain-driven deregula-
tion of cell physiology also provides a therapeutic opportunity.
The inhibition of calpain activity, even partially, could be suffi-
cient to modify multiple tumor survival and proliferative path-
ways, which, in synergy with other therapeutics, could be effec-
tive in halting tumor progression.
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Patients with advanced prostate cancer (PCa) are initially susceptible to androgen withdrawal (AW), but
ultimately develop resistance to this therapy (castration-resistant PCa, CRPC). Here, we show that AW can
promote CRPC development by increasing the levels of the receptor tyrosine kinase ErbB3 in androgen-
dependent PCa, resulting in AW-resistant cell cycle progression and increased androgen receptor (AR) tran-
scriptional activity. CRPC cell lines and human PCa tissue overexpressed ErbB3, whereas downregulation of
ErbB3 prevented CRPC cell growth. Investigation of the mechanism by which AW augments ErbB3, using
normal prostate-derived pRNS-1-1 cells, and androgen-dependent PCa lines LNCaP, PC346C, and CWR22
mouse xenografts, revealed that the AR suppresses ErbB3 protein levels, whereas AW relieves this suppression,
showing for the first time the negative regulation of ErbB3 by AR. We show that AR activation promotes ErbB3
degradation in androgen-dependent cells, and that this effect is mediated by AR-dependent transcriptional
upregulation of neuregulin receptor degradation protein-1 (Nrdp1), an E3 ubiquitin ligase that targets ErbB3
for degradation but whose role in PCa has not been previously examined. Therefore, AW decreases Nrdp1
expression, promoting ErbB3 protein accumulation, and leading to AR-independent proliferation. However,
in CRPC sublines of LNCaP and CWR22, which strongly overexpress the AR, ErbB3 levels remain elevated
due to constitutive suppression of Nrdp1, which prevents AR regulation of Nrdp1. Our observations point
to a model of CRPC development in which progression of PCa to castration resistance is associated with
the inability of AR to transcriptionally regulate Nrdp1, and predict that inhibition of ErbB3 during AW may
impair CRPC development. Cancer Res; 70(14); 5994–6003. ©2010 AACR.
Introduction

Because prostate cancer (PCa) cells are initially dependent
on androgens for growth, the standard therapy for recurrent
PCa is the pharmacologic removal of circulating androgens
(androgen withdrawal, AW). Although initially effective, this
therapy ultimately fails, indicating the development of
castration-resistant PCa (CRPC). The treatment options for
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patients who fail AW therapy are limited; hence, there is
an urgent need for the elucidation of molecular pathways
leading to CRPC. Previous studies concluded that AW re-
sulted in cell cycle arrest, whereas CRPC is associated with
a release from that arrest (1). In this study, we show that AW
results in an increase in the receptor tyrosine kinase ErbB3,
which induces an increase in androgen receptor (AR) tran-
scriptional activity and cell cycle progression.
The ErbB receptor tyrosine kinase family regulates pro-

liferation and survival in PCa (2). It consists of the type 1
tyrosine kinases ErbB1/human epidermal growth factor re-
ceptor (HER)1/epidermal growth factor receptor (EGFR),
ErbB2/HER2/neu, ErbB3/HER3, and ErbB4/HER4 (3). PCa
cells express EGFR, HER2, and ErbB3, but not ErbB4 (2, 3),
which are activated by ligand binding, dimerization, and
phosphorylation. ErbB receptors, except HER2, have specif-
ic ligands (4); however, ErbB3 is unique in that its tyrosine
kinase domain is functionally defective so it must hetero-
dimerize with other ErbB receptors for signaling activity
(4). Despite this, multiple studies suggested that ErbB3
plays a role in promoting PCa. Treatment of androgen-
dependent LNCaP cells with the cytokine interleukin-6,
h. 
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known to promote PCa progression, stimulates HER2 and
ErbB3 (5). Phosphatidylinositol 3-kinase, which regulates
cell survival by activating Akt, associates with ErbB3 (6),
whereas microarray analysis showed increased ErbB3 ex-
pression in PCa compared with normal prostate (7), and
immunohistochemical analysis showed that ∼90% of PCa
tissues displayed significant ErbB3 staining (8–10). Alter-
nate splicing caused multiple soluble, truncated forms of
ErbB3 (11, 12), and this receptor tyrosine kinase was also
shown to localize to the nucleus (8, 13). These studies
point to the importance of ErbB3 in PCa signaling.
Substantial evidence also underscores a link between

ErbB3 activation and AR activity. The AR is known to remain
active in CRPC, and activation of ErbB3 in a mouse model of
PCa was associated with AR phosphorylation (10), whereas
activation of HER2/ErbB3 heterodimers modulated AR tran-
scriptional activity (14) and promoted AR transactivation of
reporter genes (15). The effects of ErbB3 on the AR are likely
mediated by suppression of the ErbB3-binding protein Ebp1
(16, 17), which inhibits both E2F1 and AR activity (17).
In this study, we make the novel observation that ErbB3

levels are increased during AW, and that the effect of AR
on ErbB3 is mediated by the RING finger E3 ubiquitin ligase
neuregulin receptor degradation protein-1 (Nrdp1), which
was discovered as an ErbB3-interacting protein by yeast
two-hybrid analyses (18), but was not, until now, investigated
in PCa. Nrdp1 associates with ErbB3 and mediates its ubiqui-
tination and rapid degradation in a ligand-independent man-
ner (19), thus regulating steady-state levels in breast cancer
cells (20). We show that although the AR regulates Nrdp1
transcription in androgen-dependent cells, this regulation is
lost in AR-positive CRPC cells due to the suppression of
Nrdp1 by elevated ErbB3. Our data explain how ErbB3 levels
are increased in CRPC: during AW, AR levels are decreased,
and the suppressive effect of the AR on ErbB3 is relieved, re-
sulting in an increase in ErbB3 levels. However, in AR-posi-
tive CRPC cells, ErbB3 levels remain high because elevated
ErbB3 suppresses Nrdp1 expression and the AR loses control
of Nrdp1 transcription; therefore, it cannot suppress ErbB3
levels even when AR levels rebound.
Materials and Methods

Patients and tissues used
Tissue microarrays from the University of Michigan Pros-

tate Cancer Specialized Program of Research Excellence were
constructed from benign prostate (n = 36 cores in triplicate,
i.e., total 108), high-grade prostatic intraepithelial neoplasia
[HGPIN; n = 21 cores in triplicate (63 total)], prostate tumor
tissue [n = 65 cores in triplicate (195 total)] obtained by pros-
tatectomy from men with localized PCa, and CRPC meta-
static lesions [n = 68 cores in triplicate (204 total)] from
“warm” autopsies (mean 3 h lapsed from death to commence-
ment of autopsy) of patients succumbing to castrate-resistant
disease (21, 22). Tissue details, immunohistochemical techni-
ques, and statistical analyses were described earlier (23) and
in Supplementary Materials.
www.aacrjournals.org
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Cell culture and pharmacologic treatments
LNCaP, PC-3, DU-145, CWR22Rv1, and RWPE-1 cells were

purchased from the American Type Culture Collection,
whereas C4-2 cells were from UroCor. pRNS-1-1 cells were
from Dr. Johng Rhim, University of the Health Sciences,
Bethesda, MD (24), whereas PC-346C cells were provided by
Dr. W.M. van Weerden, Josephine Nefkens Institute, Erasmus
MC, Rotterdam, the Netherlands. All cells were cultivated in
RPMI 1640 with 5% serum unless otherwise noted. CRPC sub-
lines of LNCaP cells (LNCaP-AI cells) were developed by pro-
longed culture of LNCaP cells in phenol red–free RPMI 1640
with 5% charcoal-stripped fetal bovine serum (CSS; ref. 25).
The cell lines were not tested or authenticated specifically
for this study; however, they have been authenticated else-
where (24–27). RPMI 1640 and fetal bovine serum (FBS)
was from Invitrogen, whereas CSS was from Gemini Bio-
products. 4,5α-Dihydrotestosterone (DHT), cycloheximide,
and concanamycin were obtained from Sigma-Aldrich. Caso-
dex (bicalutamide) was from AstraZeneca. Rabbit polyclonal
EGFR, HER2, ErbB3, β-actin, AR, and α-tubulin antibodies
were from Santa Cruz Biotechnology. Rabbit polyclonal
anti–phospho-Akt (Ser 473), anti–phospho-EGFR (Y1068),
anti–phospho-HER2 (Y1248), and phospho-ErbB3 (Y1289)
were from Cell Signaling Technology. Affinity-purified rabbit
antibodies to Nrdp1 were previously described (18).

Transfections, plasmids, and small interfering RNA
Plasmids expressing wtAR or AR(T877A) resulted from

cloning, into pCEP4, the full-length wild-type AR cDNA or
AR cDNA whose protein product contains a Thr→Ala muta-
tion at the 877 residual position isolated from LNCaP cells
(24). pCDNA-HER2 and pCDNA3-ErbB3 plasmids were from
Dr. John Koland, University of Iowa, Iowa City, IA (28). Wild-
type AR (pAR0) plasmid was from Dr. Albert Brinkman, Eras-
mus University, the Netherlands (29). Plasmids encoding
human Nrdp1 COOH terminally tagged with a FLAG epitope
and a pSuper-Nrdp1 RNAI were described earlier (18, 20, 30).
Another small interfering RNA (siRNA) pool against human
Nrdp1 was from Santa Cruz Biotechnology (against 5′-CAA-
GCA-GUA-UCC-CUG-UUC-ATT-3′, 5″-CUG-UGA-CUG-UAG-
UUA-GUU-ATT-3′, and 5′-CUU-CCU-CUC-UUC-CUG-UGA-
ATT-3′). siRNA against human AR (Invitrogen): hAR1, 5′-
GAC-UCC-UUU-GCA-GCC-UUG-CUC-UCU-A-3′ and 5′-
UAG-AGA-GCA-AGG-CUG-CAA-AGG-AGU-C-3′; hAR2, 5′-
GCC-UUG-CUC-UCU-AGC-CUC-AAU-GAA-C-3′ and 5′-GUU-
CAU-UGA-GGC-UAG-AGA-GCA-AGG-C-3′. siRNA against
ErbB3 (Santa Cruz Biotechnology): 5′-CCA-AUA-CCA-GAC-
ACU-GUA-CTT-3′. Control siRNA: pool of four scrambled
nonspecific siRNA (siCONTROL, Santa Cruz Biotechnology.).
Reverse transcription-PCR (RT-PCR) was carried out using
the following primers: c-erbB3-F, 5′-GGA-GTA-CAA-ATT-
GCC-AAG-GG-TA-3′; c-ErbB3-R, 5′-CAG-GTC-TGG-CAA-
GTA-TGG-AT-3′; EGFR-F, 5′-GAG-AGG-AGA-ACT-GCC-
AGA-A-3′; EGFR-R, 5′-GTA-GCA-TTT-ATG-GAG-AGT-G-3′;
β-actin-F, 5′-ACT-CTT-CCA-GCC-TTC-GTT-C-3′; β-actin-R,
5′-ATC-TCC-TTC-TGC-ATC-CTG-TC-3′; Nrdp1-F, 5′-GCA-
GTG-GAG-TCT-TGG-AGG-AG-3′; Nrdp1-R, 5′-GCC-TTT-
AGC-AGC-TGG-ATG-TC-3′.
Cancer Res; 70(14) July 15, 2010 5995
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Mouse studies
Mice (4–5-week-old, nu/nu athymic male) were obtained

from Harlan Sprague-Dawley, Inc. and implanted s.c. with
sustained release testosterone pellets (12.5 mg, 90-d release;
Innovative Research of America). Suspensions of CWR22 cells
were made in 50% Matrigel solubilized basement membrane
(BD Biosciences), and xenografts were established by s.c.
injections of 2.5 × 106 cells/site into both flanks. When
palpable tumors were observed, animals were treated with
(a) vehicle or (b) bicalutamide, delivered by oral gavage at
a dose of 50 mg/Kg, 100 μL per dose, five times per week,
dissolved in ethanol, and delivered as a suspension in peanut
oil. After 2 weeks, the mice were euthanized, tumors were
collected and divided into sections for paraffin embedding,
and snap frozen in liquid nitrogen.
For additional methods, see previous publications (31, 32)

and Supplementary Text.
Cancer Res; 70(14) July 15, 2010
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Results

Increased expression of ErbB3 in castration-sensitive
PCa and CRPC
We stained tissue microarrays representing benign pros-

tates, HGPIN, and localized prostate tumors obtained by
prostatectomy, as well as metastatic lesions from warm au-
topsies of men who died with hormone refractory PCa, with
an anti-ErbB3 antibody that recognizes cytoplasmic ErbB3.
Only the tumor tissue stained strongly for ErbB3, which
was seen exclusively in the epithelial cells (Fig. 1, top). The
extent of ErbB3 staining increased from benign prostate
(mean staining score, 1.65 ± 0.80) to PIN (1.9 ± 0.61) to local-
ized PCa (2.37 ± 0.63) to metastatic CRPC specimen (2.51 ±
0.74; benign versus localized tumors: P = 0.0001; Benign ver-
sus CRPC: P = 0.0001; PIN versus loc. tumors: P = 0.0039; PIN
versus CRPC: P = 0.0005; Supplementary Table S1; Fig. 1,
Figure 1. ErbB3 levels increase with PCa progression. A, tissue microarrays representing (a) benign prostate (n = 36), (b) HGPIN (n = 21), (c) localized tumors
(n = 65) obtained by prostatectomy, and (d) prostatic tissues (n = 68; CRPC/MET) from warm autopsies of men who died of CRPC were immunostained
with anti-ErbB3 antibody (brown staining) and counterstained with hematoxylin (blue staining). Top, sections stained with anti-ErbB3. Note the strong
ErbB3 stain in the tumor containing regions, whereas the benign tissue alongside stained only weakly. The antibody used did not stain the nuclei in these
tissues (×20 magnification). Bottom, box plots representing range of ErbB3 expression in benign prostate, HGPIN, localized tumors, and metastatic and
localized tissues from warm autopsies of men who died of CRPC. B, increased ErbB3 expression in PCa cells compared with lines derived from
normal prostate. Top, normal prostate derived RWPE-1 cells, androgen-dependent LNCaP, and its CRPC subline LNCaP-AI cells compared with stable
LNCaP sublines overexpressing ErbB3 (LNCaP-ErbB3-1 and LNCaP-ErbB3-2). Bottom, ErbB3 expression in pRNS-1-1 cells derived from a normal
prostate, which upon culture lost the expression of the AR, and AR-null PC-3 and DU-145 cells. pRNS-1-1 cells were transfected with vector only, or mutant
AR(T877A) or AR(K580R).
Cancer Research
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bottom). Similarly, comparison of ErbB3 levels in various
prostate-derived cell lines revealed that “normal-like”
RWPE-1 cells expressed very little ErbB3, whereas its expres-
sion was significantly higher in androgen-dependent LNCaP
PCa cells and further increased in its castration-resistant
subline LNCaP-AI (see Supplementary Fig. S1A and B;
Fig. 1A, top). Similarly, CRPC cell lines PC-3 and DU-145 cells
expressed very high levels of ErbB3 compared with pRNS-1-1
cells derived from a normal prostate (Fig. 1A, bottom),
supporting the assertion that ErbB3 increased with PCa
progression.

Overexpression of ErbB3 increased AR transcriptional
activity and cell proliferation
To determine the functional significance of ErbB3 in-

crease, LNCaP cells were stably transfected with plasmids en-
coding ErbB3 (pCDNA3-ErbB3) or HER2 (pCDNA3-HER2; Fig.
2A). The overexpressors used in subsequent experiments
www.aacrjournals.org
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were chosen from a screen of multiple clones to select the
ones that expressed HER2 and ErbB3 at levels comparable
with that in LNCaP-AI cells (two ErbB3 clones shown in
Fig. 1B). Overexpression of ErbB3 in LNCaP cells increased
AR expression and AR transcriptional activity as determined
by reporter gene assay on a prostate-specific antigen pro-
moter construct (Fig. 1B) in an EGFR- and HER2-dependent
manner (Supplementary Fig. S1C).
AW in LNCaP cells was induced by culture in CSS-

containing medium, causing growth arrest, which was relieved
by ErbB3 overexpression, (Supplementary Fig. S2B; Fig. 2A)
similar to HER2 (Supplementary Fig. S2A), whereas inhibi-
tion of ErbB3 using a human ErbB3 siRNA pool in LNCaP-
AI cells significantly decreased their growth rates (Fig. 2C).
Overexpression of ErbB3 in normal-like RWPE-1 cells also
resulted in increased proliferation (data not shown). These
results indicate that ErbB3 regulates cell proliferation in
PCa cells.
Figure 2. Overexpression of ErbB3 leads to increased AR transcriptional activity and cell proliferation. A, left, increased AR levels in stable LNCaP
cell lines overexpressing HER2 or ErbB3 (LNCaP-HER2 and LNCaP-ErbB3) overexpressing plasmids (pcDNA3-HER2 or pcDNA3-ErbB3) in LNCaP cells.
Overexpression of HER2 and ErbB3 was confirmed by Western blotting. Right, increased AR transcriptional activity in LNCaP-HER2 and LNCaP-ErbB3
compared with LNCaP. Cells were cultured in CSS-containing medium, and AR transcriptional activity was measured on a prostate-specific antigen
promoter by luciferase assay. LNCaP-AI cells were used as positive control. B, ErbB3 overexpression stimulates proliferation in LNCaP cells. MTT assay
showed increased growth rates of LNCaP-ErbB3-2 cells versus LNCaP in medium containing FBS versus CSS. Points, mean of three independent readings;
bars, SD. C, downregulation of ErbB3 by siRNA suppressed cell growth as estimated through MTT assay in cells cultured in FBS or CSS, in the
presence or absence of 10 μmol/L bicalutamide. Points, mean of three independent readings; bars, SD. Inset, immunoblot showing ErbB3 downregulation
by siRNA.
Cancer Res; 70(14) July 15, 2010 5997
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AW induces ErbB3 increase in androgen-dependent
PCa by preventing ErbB3 degradation
We next investigated the cause for ErbB3 increase in PCa

cells with a history of AW exposure. Prolonged culture in
CSS-containing medium decreased AR expression, but in-
creased ErbB3 levels (Fig. 3A, left). To investigate whether
this effect was caused by AR downregulation, AR levels were
suppressed in LNCaP cells by two different RNAi, both stim-
ulated ErbB3 levels, although to different extent (Fig. 3A,
right). These results indicated that the AR suppresses ErbB3
levels in LNCaP cells, likely to prevent AR-independent cell
signaling, whereas AW relieves this suppression.
Similarly, transfection with increasing amounts of wild-

type AR (pAR0) in pRNS-1-1, a cell line derived from benign
prostate tissue that had lost the expression of its endogenous
Cancer Res; 70(14) July 15, 2010
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AR, decreased ErbB3 levels, but not EGFR (Fig. 3B). Stable
transfection with AR(T877A) (a mutant AR found in LNCaP
cells, which remains ligand dependent), but not the vector
alone, also downregulated ErbB3 levels in pRNS-1-1 cells
(Fig. 3C, left). DHT, a strong AR ligand, suppressed ErbB3
in pRNS-1-1/AR(T877A), whereas prolonged culture in CSS-
containing medium upregulated ErbB3 (Fig. 3C, right). These
results show that the AR is a negative regulator of ErbB3 ex-
pression in normal prostate also.
Our data indicated that the AR regulated ErbB3 levels by a

posttranscriptional, rather than a transcriptional mechanism
(Supplementary Fig. S3). To determine whether AR affected
ErbB3 degradation, pRNS-1-1 cells transfected with vector
alone or with wtAR (Fig. 3D) were treated with the protein
synthesis inhibitor cycloheximide, and the rate of ErbB3
Figure 3. AR negatively regulates ErbB3 expression in androgen-dependent PCa cells. A, left, increased ErbB3 expression with decreasing AR levels in
LNCaP cells cultured in CSS-containing medium over a period of 5 d. Right, stimulation of ErbB3 expression in LNCaP cells following AR downregulation
with two different AR siRNA duplexes (hAR1 and hAR2). B, increasing AR levels in parental AR-null pRNS1-1 cells transfected with vector alone or
with increasing amounts of pAR0 revealed decreasing ErbB3 expression, whereas EGFR levels were not altered. C, expression of AR(T877A) but not vector
alone in pRNS1-1 cells caused increased expression of ErbB3. Inset, treatment of pRNS-1-1 cells stably expressing AR(T877A) with 10 nmol/L DHT
suppressed ErbB3 levels, whereas 5-d culture in CSS-containing medium stimulated ErbB3. D, decreased ErbB3 half-life upon expression of wild-type AR.
pRNS1-1 cells stably transfected with vector only or wtAR were treated with 100 μg/mL cycloheximide for the indicated times. Top, lysates were blotted
with anti-ErbB3 or β-actin, and the bands were quantitated. Bottom, ErbB3 half-life was calculated by fitting the data to a single exponential. Results
indicate that in pRNS-1-1 cells expressing vector alone, ErbB3 levels were stabilized, whereas in those expressing wtAR, ErbB3 half-life was ∼4 h.
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degradation in the absence of de novo synthesis was deter-
mined over time. In cells transfected with vector alone, inhi-
bition of protein synthesis with cyclohexmide caused a 36%
decline in ErbB3 after 24 hours; however, transfection with
wtAR greatly reduced ErbB3 half-life (<4 h; Fig. 3D). These
results show that the increase in ErbB3 expression in the ab-
sence of AR is due to a decrease in protein degradation rates.

Nrdp1 mediates AR-induced ErbB3 degradation in
androgen-dependent cells
Previous studies identified the RING finger E3 ubiquitin li-

gase Nrdp1 as a promoter of ErbB3 degradation in breast
cancer (18, 20). Nrdp1 overexpression in LNCaP cells
decreased ErbB3 levels (Fig. 4A, left) and decreased cell
proliferation (Supplementary Fig. S4A), whereas Nrdp1
downregulation (19, 20) increased ErbB3 (Fig. 4A, left), indi-
www.aacrjournals.org
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cating an inverse relationship between ErbB3 and Nrdp1 in
PCa as well. Hence, we hypothesized that the effect of AR on
ErbB3 may be mediated by Nrdp1.
Culture in CSS medium decreased Nrdp1 expression,

whereas transfection of wtAR into AR-null pRNS-1-1 cells in-
creased Nrdp1 expression (Fig. 4A). We also tested this effect
in androgen-dependent PC-346C cells derived from a non-
treated human prostate tumor extracted by transurethral re-
section of the prostate (26, 27). Similar to LNCaP, culture of
PC-346C cells in CSS medium decreased AR and Nrdp1,
whereas ErbB3 increased (Fig. 4B). These results confirmed
that the AR positively regulated Nrdp1 expression in andro-
gen-dependent cells. Hence, we investigated whether the ef-
fect of AR on ErbB3 half-life is mediated by Nrdp1. ErbB3
half-life in pRNS-1-1 cells stably expressing wtAR was ∼3.5
hours, whereas downregulation of Nrdp1 increased ErbB3
Figure 4. Negative regulation of ErbB3 by AR is mediated by Nrdp1. A, left, expression of the ubiquitin E3 ligase Nrdp1 corresponds to a decrease in
ErbB3 expression. LNCaP cells were transiently transfected with plasmids encoding Flag vector, Flag-Nrdp1, or pSuper-Nrdp1 short hairpin RNA for 48 h,
after which the lysate was collected and blotted with anti-Nrdp1, anti-ErbB3, or α-Tubulin as control. Middle, Nrdp1 levels correspond to AR expression.
Culture of LNCaP cells over 2 d in CSS shows a decrease in Nrdp1 with lower AR. Right, expression of AR in pRNS-1-1 cells stimulates Nrdp1. Parental
pRNS1-1 cells were transiently transfected with vector alone or pAR0. Cell lysate was collected after 48 h and blotted with anti-Nrdp1 and anti-AR.
B, the AR positively regulates Nrdp1 and negatively regulates ErbB3 levels in androgen-dependent PC-346C cells. Note the expression of a lower molecular
weight AR product in these cells. C, decreased half-life of ErbB3 induced by AR expression is mediated by Nrdp1. pRNS1-1 cells stably transfected with
wtAR were further transfected with pSuper-scramble or pSuper-Nrdp1 RNAI plasmids for 24 h. ErbB3 half-life in pRNS-1-1/wtAR cells expressing
control RNAi remained <4 h, whereas in the absence of Nrdp1 expression, the half-life of ErbB3 increased to >24 h.
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half-life to >24 hours (Fig. 4C). Taken together, these results
show that AR-regulated decrease in ErbB3 half-life is mediat-
ed by AR-induced Nrdp1 transcription. Thus, during AW, AR
levels sharply decline, decreasing Nrdp1 levels, which in turn
increased ErbB3 levels.

Regulation of Nrdp1 and ErbB3 expression by the AR is
lost in AR and ErbB3-overexpressing CRPC cells
If AR always negatively regulated ErbB3 levels, then as

AR increased during CRPC development, ErbB3 levels should
decrease. However, we see that both LNCaP-AI and C4-2,
another androgen-independent subline of LNCaP cells (33),
expressed higher AR, as well as ErbB3, compared with LNCaP
cells (Fig. 5A). Therefore, we compared the effect of AR
stimulation on ErbB3 in LNCaP and LNCaP-AI cells. Increas-
ing doses of DHT in LNCaP stimulated AR, as well as Nrdp1
Cancer Res; 70(14) July 15, 2010
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protein and mRNA levels, but suppressed ErbB3 (Fig. 5B,
top left). However, in LNCaP-AI cells, DHT did not affect
Nrdp1 or ErbB3 levels (Fig. 5B, top right), although AR
activity increased (Fig. 5B, bottom). Our results showed
that the AR regulates the levels of Nrdp1, and, as a conse-
quence that of ErbB3 expression, in LNCaP cells, but not in
LNCaP-AI.
Both LNCaP-AI and C4-2 expressed higher ErbB3 and

lower levels of Nrdp1 compared with LNCaP cells. In addi-
tion, overexpression of ErbB3 in LNCaP cells also decreased
Nrdp1 (Fig. 5C, top). We conclude that ErbB3 overexpres-
sion suppressed Nrdp1 by an AR-independent mechanism,
which prevented AR-mediated Nrdp1 transcription, under-
scored by the observation that AR-independent Nrdp1 de-
crease by short hairpin RNA prevented stimulation by
DHT (Fig. 5C, bottom). Thus, despite increased AR, inability
Figure 5. AR regulation of ErbB3 and Nrdp1 is not seen in CRPC cells with high AR transcriptional activity. A, expression of EGFR, HER2, ErbB3, and
AR were compared in androgen-dependent LNCaP cells, and its CRPC sublines LNCaP-AI and C4-2 cells by Western blotting, and confirms overexpression
of ErbB3 and AR in the CRPC lines. B, stimulation of AR expression with increasing DHT increases Nrdp1 and decreases ErbB3 in LNCaP but not LNCaP-AI.
Top, LNCaP and LNCaP AI cells were cultured in CSS-containing medium overnight, then the indicated concentrations of DHT were added for another
48 h. Cell lysates were immunoblotted with anti-ErbB3, anti-Nrdp1, anti-AR, and anti-tubulin antibodies. Middle, AR increases Nrdp1 transcription in LNCaP
but not LNCaP AI cells as determined from mRNA levels by RT-PCR after treatment with increasing doses of DHT. Bottom, this is despite increased
AR transcriptional activity on a human prostate-specific antigen (PSA) promoter as determined by luciferase assay upon DHT stimulation in LNCaP-AI cells.
C, AR fails to regulate Nrdp1 and ErbB3 levels in CRPC cells due to decreased Nrdp1 levels caused by ErbB3 overexpression. Top, suppression of Nrdp1
expression in LNCaP AI, C4-2, and LNCaP-ErbB3 cells compared with LNCaP. Cells were cultured in FBS medium up to 75% confluence and collected
for Western blotting. Bottom, DHT-induced suppression of ErbB3 levels in LNCaP cells is mediated by high levels of Nrdp1. This effect was not seen
when LNCaP cells were transfected with Nrdp1 siRNA (in CSS) for 24 h, followed by DHT treatment for another 48 h. Cell lysate was collected and blotted
with anti-ErbB3 and anti-Nrdp1.
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of AR to regulate Nrdp1 prolonged ErbB3 half-life in
LNCaP-AI (Supplementary Fig. S4B).

Androgen regulation of ErbB3 and Nrdp1 in
androgen-dependent CWR22 tumors but not in CRPC
CWR22-Rv1 cells
We also tested the effect of AR on Nrdp1 and ErbB3 in

androgen-dependent CWR22 tumors in nude mice (34) and
in CRPC CWR22Rv1 cells, derived from a relapsed CWR22
tumor (35). CWR22 xenograft tumors were cultivated in
the flanks of athymic nu/nu mice treated with vehicle or
50 mg/kg bicalutamide (an AR antagonist). Bicalutamide
did not affect AR expression but severely decreased AR
transcriptional activity in androgen-sensitive cells (32, 36).
www.aacrjournals.org
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After 2 weeks, the mice were euthanized and the tumors
were extracted, part was paraffin-embedded, and the rest
were frozen. ErbB3 levels determined by Western blot
(Fig. 6A) reflected only the epithelial cells, as immuno-
histochemical studies revealed ErbB3 staining only in
epithelial cells (Fig. 6B) and showed higher ErbB3 in
bicalutamide-treated animals both by immunoblotting
and immunohistochemistry, whereas Nrdp1 levels were sig-
nificantly suppressed. These results indicate that ErbB3
and Nrdp1 levels were regulated by AR in CWR22 tumors
as well. However, in CRPC CWR22Rv1 cells, which express
very low levels of Nrdp1 (Supplementary Fig. S3C), neither
bicalutamide nor culture in CSS medium affected either
Nrdp1 or ErbB3 (Fig. 6C). These results show that, similar
Figure 6. Effect of AR activity on ErbB3 and Nrdp1 expression seen in castration-sensitive CWR22 tumors but not in CRPC cell lines derived from recurrent
tumors from castrated mice. A and B, CWR22 xenograft tumors were established by s.c. injections of cell suspensions (2.5 × 106 cells in Matrigel; 1:1, v/v)
bilaterally into the flanks of 4- to 5-wk-old nu/nu athymic male mice (n = 10) previously implanted with sustained release testosterone pellets. When
palpable tumors were observed, animals were treated with (a) vehicle (peanut oil) or (b) the AR antagonist bicalutamide (n = 5/group). After 2 wk on this
treatment, the mice were euthanized, and tumors were harvested and divided into sections that were paraffin embedded and snap frozen in liquid
nitrogen. Paraffin-embedded tumors were analyzed by immunohistochemistry for ErbB3, whereas frozen tumors were excised and lysed, and protein levels
were determined by Western blotting. A, Western blotting revealed that ErbB3 levels increased whereas Nrdp1 levels decreased with bicalutamide
treatment. B, immunohistochemistry showing that ErbB3 levels increased in tumors extracted from the bicalutamide-fed mice. Brown staining, ErbB3;
blue staining, counterstaining with hematoxylin. Negative control showed no ErbB3 staining; the xenograft from the vehicle-fed mouse showed lower
ErbB3 expression (scored +1) compared with the bicalutamide-treated one (scored +3). C, in contrast, CWR22Rv1, a CRPC cell line derived from a
CWR22-relapsed tumor grown in a castrated mouse, failed to respond to bicalutamide, and in these cells, Nrdp1 and ErbB3 were not androgen regulated.
D, scheme describing androgen regulation of Nrdp1 transcription in androgen-dependent but not androgen-independent cells.
Cancer Res; 70(14) July 15, 2010 6001

h. 
, 2013. © 2010 American Association for Cancer



Chen et al.

6002

Published OnlineFirst June 29, 2010; DOI: 10.1158/0008-5472.CAN-09-4440 
to LNCaP and PC-346C cells, AR regulates Nrdp1 and
ErbB3 in androgen-dependent CWR22 PCa cells but not
in its CRPC subline CWR22Rv1.

Discussion

Menwho undergo AW therapy are known to become refrac-
tory to this therapy, although investigators continue to debate
the causes leading to the development of castration resistance.
The present study identifies ErbB3 as a likely mediator of
increased proliferation during CRPC development, which re-
leases cells from cell cycle arrest imposed by AW therapy,
because increased ErbB3 resulted in enhanced proliferation
both in the presence and the absence of androgens. We show
that ErbB3 is increased during AW, and that this is caused by a
novel mechanism involving the negative regulation of ErbB3
by the AR. In androgen-dependent cells, AR suppresses ErbB3,
likely because although the AR promotes androgen-dependent
cell cycle progression, it also resists the activation of androgen-
independent pathways that promote cell growth. AW therapy
relieves this suppression, thereby elevating ErbB3 levels, which
stimulate proliferation and likely promote resistance to this
therapy. Our data identifies the inability of the AR to suppress
ErbB3 expression as one cause of CRPC.
The case for ErbB3 as a mediator of cell cycle release is

strengthened by previous studies emphasizing the impor-
tance of HER2 in the development of castration resistance
(37–45) and by the identification of ErbB3, rather than EGFR,
as a major binding partner for HER2 in PCa (5, 14, 15). Re-
ports described transcriptional as well as posttranslational
increase of HER2 during AW (46); hence, the major binding
partner of HER2 in CRPC would also be expected to increase.
Our study shows that the AR regulates ErbB3 levels in PCa by
promoting its degradation, whereas during AW, ErbB3 levels
are increased due to decreased degradation.
We show that the AR promotes ErbB3 degradation by reg-

ulating Nrdp1 transcription. Importantly, we show that the
AR transcriptionally regulates Nrdp1 expression in andro-
gen-dependent but not in CRPC cells. Nrdp1 was originally
identified as a RING finger domain–containing protein that
interacts with ErbB3 (18, 47), binding to the cytoplasmic tail
of ErbB3, and promoting its degradation by mediating li-
gand-independent ubiquitination. Nrdp1 was expressed in
multiple androgen-regulated tissues including prostate, tes-
ticles (47), and skeletal muscles (18). Our data showed an
inverse relationship between ErbB3 and Nrdp1 in androgen-
dependent PCa cells. Nrdp1 promotes ErbB3 degradation
(19, 47), and we show that it mediates AR regulation of ErbB3
half-life. These results indicate for the first time that Nrdp1 is
a transcriptional target of the AR.
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We also show that AR regulation of Nrdp1 and ErbB3 is lost
in CRPC cells, thereby maintaining elevated ErbB3 in CRPC
cells despite high AR activity. Our data show that ErbB3 over-
expression suppressed Nrdp1 levels and likely prevented AR
regulation of Nrdp1 transcription. This indicates androgen-
dependent regulation of Nrdp1 in cells with high Nrdp1 and
lowErbB3, and androgen independence of Nrdp1 transcription
in cells expressing high ErbB3 and low Nrdp1. Therefore, our
data explain why intermittent AW therapy, in which the effects
of AW on ErbB3 may be reversed during frequent “off-cycle”
phases, while Nrdp1 transcription is still AR regulated, may
prolong androgen dependence (48), and indicates Nrdp1 regu-
lation by AR as a hallmark of androgen-sensitive cell growth.
In summary, this study shows that induction of ErbB3 oc-

curs as a result of AR inactivation during AW. However, even
after AR levels rebound, ErbB3 remains elevated, eventually
promoting castration-resistant proliferation of PCa cells. We
show that Nrdp1 mediates the regulation of ErbB3 levels by
the AR in androgen-dependent cells and is itself transcrip-
tionally regulated by the AR, whereas this regulation is lost
in AR-positive CRPC cells, likely due to high ErbB3 levels
caused by AW therapy that may have suppressed Nrdp1 le-
vels in an androgen-independent manner (Fig. 6D). These
studies point to the importance of ErbB3 in PCa progression
and identify it as a possible target of therapy for prevention
of CRPC development.
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Introduction

Since the growth of prostate cancer (CaP) is initially depen-
dent on androgens, first-line treatment for recurrent CaP is 
androgen withdrawal therapy (AWD), to which 95% of 
tumors initially respond.1 First-line hormonal therapy usu-
ally consists of LHRH agonists, which prevent the produc-
tion of testicular androgens. However, patients on this 
treatment relapse within 18 to 24 months, at which time 
they are placed on complete androgen blockade (CAB) 
involving the use of androgen receptor (AR) antagonists 
such as bicalutamide (Casodex, AstraZeneca, London, 
United Kingdom), a competitive inhibitor of AR ligand 
binding, together with AWD.2 Although the majority of 
these patients continue to express the AR, which transcrip-
tionally regulates the expression of multiple genes, includ-
ing prostate-specific antigen (PSA),3 only about 25% to 
30% of patients respond to this second-line hormonal 

therapy, indicating the development of castration-resistant 
prostate cancer (CRCaP). Therapeutic options for patients 
who develop CRCaP are limited: clinical trials reveal that 
United States Food and Drug Administration (FDA)–
approved drugs for CRCaP patients, including the chemo-
therapeutic agent docetaxel,4,5 and the cancer “vaccine” 
sipuleucel-T (Provenge, Dendreon Corporation, Seattle, 
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Abstract
Calcitriol (1,25(OH)

2
D3) is cytostatic for prostate cancer (CaP) but had limited therapeutic utility due to hypercalcemia-related toxicities, leading to the 

development of low-calcemic calcitriol analogs. We show that one analog, 1α-hydroxyvitamin D5 (1α(OH)D5), induced apoptosis in castration-sensitive 
LNCaP prostate cancer cells but, unlike calcitriol, did not increase androgen receptor (AR) transcriptional activity. LNCaP-AI, a castrate-resistant (CRCaP) 
LNCaP subline, was resistant to 1α(OH)D5 in the presence of androgens; however, androgen withdrawal (AWD), although ineffective by itself, sensitized 
LNCaP-AI cells to 1α(OH)D5. Investigation of the mechanism revealed that the vitamin D receptor (VDR), which mediates the effects of 1α(OH)D5, 
is downregulated in LNCaP-AI cells compared to LNCaP in the presence of androgens, whereas AWD restored VDR expression. Since LNCaP-AI cells 
expressed higher AR compared to LNCaP and AWD decreased AR, this indicated an inverse relationship between VDR and AR. Further, AR stimulation 
(by increased androgen) suppressed VDR, while AR downregulation (by ARsiRNA) stimulated VDR levels and sensitized LNCaP-AI cells to 1α(OH)D5 
similar to AWD. Another cell line, pRNS-1-1, although isolated from a normal prostate, had lost AR expression in culture and adapted to androgen-
independent growth. These cells expressed the VDR and were sensitive to 1α(OH)D5, but restoration of AR expression suppressed VDR levels and 
induced resistance to 1α(OH)D5 treatment. Taken together, these results demonstrate negative regulation of VDR by AR in CRCaP cells. This effect 
is likely mediated by prohibitin (PHB), which was inhibited by AR transcriptional activity and stimulated VDR in CRCaP but not castrate-sensitive cells. 
Therefore, in castration-sensitive cells, although the AR negatively regulates PHB, this does not affect VDR expression, whereas in CRCaP cells, negative 
regulation of PHB by the AR results in concomitant negative regulation of the VDR by the AR. These data demonstrate a novel mechanism by which 
1α(OH)D5 prolongs the effectiveness of AWD in CaP cells.
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calcitriol, vitamin D5, androgen receptor, vitamin D receptor, prostate cancer
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WA),6 increased survival by only 3 and 4 months, respec-
tively. Hence, the long-term goal of this project is to iden-
tify therapeutic targets that would prevent CaP progression 
to CRCaP.

The naturally occurring active metabolite of vitamin D, 
1,25 dihydroxy vitamin D3 (1α,25(OH)

2
D

3
, calcitriol), 

inhibits CaP growth and induces apoptosis in CaP cells.7-9 
However, the utility of calcitriol has been severely limited 
because its antitumor activity is achieved at doses that cause 
toxicity due to hypercalcemia,10-12 which at high serum cal-
cium levels (≥12.0 mg/dL or 3 mmol/L), leading to increased 
intestinal and renal calcium absorption, may cause intesti-
nal and renal toxicity, whereas severe hypercalcemia has 
been known to induce coma and cardiac arrest. Phase III 
studies in patients with CRCaP utilizing high-dose calcitriol 
in combination with docetaxel were terminated due to over-
all decreased survival in comparison with docetaxel alone.13

Development of synthetic analogs of the vitamin D mole-
cule that preserve its antiproliferative and cell-differentiating 
properties while minimizing or eliminating its toxic profile 
has been ongoing. Calcitrol-induced hypercalcemia is 
related to the presence of the OH group at C-25 of this com-
pound. To reduce toxicity, a compound of the vitamin D5 
family, rather than the D3 family, 1α-hydroxyvitamin D5 
(1α(OH)D5), has been constructed and was shown to lack 
hydroxylation at the C-25 position and to contain an ethyl 
group at C-24.14 1α(OH)D5 (1 µM), similar to calcitriol 
(100 nM), inhibited the development of DMBA-induced 
preneoplastic lesions in mouse mammary glands14 or 
N-methyl-N-nitrosourea (MNU)–induced mammary carci-
nogenesis in female rats.15 However, unlike calcitriol, 
1α(OH)D5 did not increase plasma calcium levels at any 
dose tested in male rats and did not affect body weight.14-16 
These results indicate the low-calcemic nature of 1α(OH)D5 
and lower toxicity, in comparison with calcitriol, despite its 
tumor-suppressive properties. However, this drug has never 
been used in prostate cancer cells. The objective of the stud-
ies described here is to demonstrate that despite decreased 
cytotoxicity, 1α(OH)D5 is still as effective as the parent com-
pound, calcitriol, in preventing prostate cancer cell growth.

Studies showed that AWD does not induce cell death but 
rather results in cell cycle arrest, whereas CRCaP develop-
ment triggers a release from that arrest, and cell cycle pro-
gression, even in the absence of androgens.17 Thus, the 
induction of apoptosis during AWD would prevent CRCaP 
by depleting the system of cells that have the capability to 
progress. Here, we show that 1α(OH)D5 induced apoptosis 
in CRCaP cells during AWD, indicating that it would be 
suitable as adjuvant therapy to improve the effects of AWD. 
Further, androgens activate the AR, which is required for the 
growth and survival of not only castrate-sensitive but also 
CRCaP cells.18-20 About 30% of CRCaP tumors express higher 
AR compared to the corresponding androgen-dependent 

primary tumor.3 Thus, an increase in AR transcriptional 
activity would ultimately promote CRCaP cell growth. Cal-
citriol was shown to induce AR transcriptional activity, 
especially in LNCaP prostate cancer cells,21 and this could 
possibly be a mechanism of resistance to calcitriol in these 
cells. However, we now show that unlike calcitriol, 1α(OH)
D5 did not induce AR transcriptional activity. This indi-
cates an additional benefit of 1α(OH)D5 over calcitriol in 
the treatment of CaP cells.

The genomic effects of vitamin D are mediated by the 
vitamin D receptor (VDR), which, like the AR, is a steroid 
nuclear receptor.21 Multiple studies reported that calcitriol 
is more effective in castration-sensitive CaP cell lines such 
as LNCaP and to some extent in AR-null cell lines such as 
PC-3, compared to AR-positive CRCaP sublines of 
LNCaP.9,21,22 In this study, we observe a similar effect with 
1α(OH)D5 and investigate the mechanism. Previous studies 
indicated negative regulation of VDR transcriptional activ-
ity by the AR23; however, we now show that the AR is a 
negative regulator of VDR expression in CRCaP cells but 
not castrate-sensitive cells. Our results demonstrate that in 
LNCaP cells, VDR is strongly expressed in the presence of 
androgens, and 1α(OH)D5, similar to calcitriol, is effective 
in suppressing proliferation and inducing apoptosis in these 
cells. However, LNCaP-AI cells, developed by prolonged 
culture of LNCaP cells in the absence of androgens, express 
very high levels of AR, which suppressed VDR levels and 
desensitized the cells to 1α(OH)D5, whereas AWD resensi-
tized CRCaP cells to 1α(OH)D5 by inhibiting the AR and 
stimulating the VDR.

We also show that the interaction between the AR and 
the VDR in CRCaP cells is likely mediated by a novel 
mechanism involving the cell cycle regulator prohibitin 
(PHB), which was previously shown to interact with the AR 
in CaP cells. PHB is a highly conserved 32-kDa protein that 
localizes both in the mitochondria and the nucleus and 
appears to play different roles at the 2 locations.24 In the 
mitochondria, it is a mitochondrial chaperone protein that 
complexes with BaP37/REA, whereas in the nucleus, it acts 
as a cell cycle regulator that antagonizes E2F1-mediated 
gene activation by recruitment of transcriptional repressors 
including the nuclear corepressor (NCoR), retinoblastoma 
protein (Rb), and histone deacetylase 1 (HDAC1).25,26 PHB 
has been called a tumor suppressor due to its ability to block 
DNA synthesis and induce apoptosis.24,27 In prostate tumor 
cells, PHB was shown to be negatively regulated by andro-
gens28 and is also a negative regulator of AR transcriptional 
activity.29 Suppression of AR activity by AR antagonists 
required PHB, in complex with the SWI/SNF core protein 
BRG1.30 Reduction of PHB promoted both androgen-
dependent and -independent tumor growth in vivo.31 Sig-
nificantly, the growth-inhibitory ability of vitamin D5 in 
breast cancer cells was also traced to PHB.32,33
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In this study, we show that in androgen-dependent cells, 
VDR expression is not regulated by PHB, and the AR does 
not have an inhibitory effect on VDR. However, CRCaP 
cells likely undergo a phenotypic change, such that VDR 
expression is now regulated by PHB; hence, the AR, which 
is a negative regulator of PHB, also can negatively regulate 
the VDR. As a result, 1α(OH)D5, in combination with 
AWD, inhibits growth of CRCaP cells. Taken together, 
these results show that 1α(OH)D5 prolongs the effective-
ness of AWD in CaP cells.

Results

1α(OH)D5 inhibits growth and induces apoptosis in castration-
sensitive LNCaP prostate cancer cells. We first investigated 
whether 1α(OH)D5 was effective in inhibiting the growth of 
CaP cells. To compare the effects of 1α(OH)D5 with calcitriol 
in castration-sensitive cells, LNCaP cells were treated in 
“complete” medium (with fetal bovine serum [FBS] contain-
ing androgens) with vehicle (ethanol, control), 100 nM cal-
citriol, and increasing doses of 1α(OH)D5. At concentrations 
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Figure 1.  1α(OH)D5 inhibits cell growth and survival but does not induce AR levels or transcriptional activity in androgen-dependent LNCaP prostate 
cancer cells. LNCaP cells cultured in medium with androgens (FBS) and exposed to either calcitriol (D3) or 1α(OH)D5 (D5). (A) Cell number increase 
was estimated by MTT assay and indicated comparable cytostatic effects of 100 nM D3 and 1 to 2 µM D5. Data represent mean ± standard deviation (SD) 
of 3 independent readings. (B) Flow cytometric analysis to compare effects of calcitriol versus 1α(OH)D5 on cell proliferation and apoptosis. LNCaP cells 
were treated with vehicle or calcitriol or different concentrations of 1α(OH)D5 for 48 hours. Change in S-phase is recorded as percentage change over 
vehicle-treated cells and change in apoptosis as fold change over vehicle-treated cells. (C) AR levels assessed by immunoblotting in LNCaP cells showing 
AR induction by D3 but not by D5. β-actin was assessed as loading control. Numbers under each lane represent fold change in band intensity normalized 
to that of the control band. These experiments were repeated at least 3 times with similar results. (D) LNCaP cells left untransfected or transfected with 
hPSA-luc and β-gal were treated as shown for 72 hours. AR transcriptional activity was determined by luciferase assay and shows increased activity in 
D3- but not D5-treated cells. Data of hPSA-gal/β-gal shown as mean ± SD of 3 independent readings.
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<1 µM, 1α(OH)D5 had no significant effect on proliferation 
(not shown), while 1 to 2 µM 1α(OH)D5 had an equivalent 
cytostatic effect (42.72% decrease with 1 µM, P = 0.017, and 
51.18% decrease with 2 µM, P = 0.015) as 100 nM calcitriol 
(53.8% decrease, P = 0.018) (Fig. 1A). By flow cytometry, 
calcitriol (100 nM) was shown to inhibit proliferation (38% 
decrease in S-phase compared to vehicle-treated cells) and 
induce apoptosis (4.48-fold increase in apoptosis v. vehicle-
treated cells) (Fig. 1B). Compared to calcitriol, 1α(OH)D5 
had a smaller effect on cell cycle arrest, but the effect on 
apoptosis was greater (10.7-fold and 7.5-fold increase in 
apoptosis compared to vehicle-treated cells, respectively) 
(Fig. 1B). LNCaP cells were growth arrested (75.36% inhibi-
tion after 5 days, P < 0.0001) upon culture in medium con-
taining charcoal stripped FBS (CSS), which, among other 
factors, contain decreased levels of androgens, and neither 
calcitriol nor 1α(OH)D5 enhanced this effect (calcitriol + 
CSS, 71.6% inhibition, P = 0.0004; 1α(OH)D5 + CSS, 
75.81% inhibition, P < 0.0001; data not shown).

It is well known that calcitriol upregulates levels of the 
AR and its transcriptional target, PSA, in LNCaP cells in 
vitro.9,34,35 Hence, we investigated the same for 1α(OH)D5. 
Immunoblotting confirmed that in LNCaP cells, calcitriol 
substantially increased the expression of the AR (3.2-fold) 
starting 4 days after treatment (not shown) and had a pro-
nounced effect by 8 days (Fig. 1C). However, 1α(OH)D5 at 
cytostatically equivalent concentrations (1 and 2 µM) 
showed minimal effect (less than 2-fold increase in AR 
expression) (Fig. 1C). AR transcriptional activity as deter-
mined by luciferase assay on a plasmid encoding for the 
human PSA promoter tagged to a luciferase construct 
(hPSA-luc) was increased 155% (2.5-fold) by treatment 
with 100 nM calcitriol but showed no change with 1α(OH)
D5 (Fig. 1D). Taken together, these results indicate that 
1α(OH)D5, like calcitriol, had a cytostatic effect on androgen-
dependent prostate cancer cells, although by a mechanism 
different from calcitriol, but, unlike the latter, did not 
enhance AR transcriptional activity in LNCaP cells.

LNCaP-AI, a CRCaP subline of LNCaP cells, is sensitive to 
growth inhibition by 1α(OH)D5 in the absence, not presence, of 
AR transcriptional activity. We next determined whether 
1α(OH)D5 was also useful in CRCaP cells. Previous stud-
ies had shown that calcitriol was less effective in castrate-
resistant sublines of LNCaP cells21; hence, we tested the 
effects of 1α(OH)D5 on one such line, LNCaP-AI, which 
we had developed by continuous culture of LNCaP cells in 
CSS medium for prolonged periods of time, as described 
elsewhere.36,37 Unlike LNCaP, LNCaP-AI cells were not 
significantly growth arrested by treatment with 1α(OH)D5 
in the presence of FBS (15% inhibition with 1 µM, P = 
0.27) (Fig. 2A, upper panel). However, in medium containing 
CSS, which have lower levels of androgens and other hor-
mones, LNCaP-AI cells were significantly growth inhibited 

by 1 µM 1α(OH)D5 (51.94% inhibition, P = 0.023), although 
vehicle-treated LNCaP-AI cells continued to proliferate 
(Fig. 2A, lower panel). Flow cytometric analysis indicated 
that in the presence of FBS, both calcitriol and 1α(OH)D5 
failed to induce apoptosis in LNCaP-AI cells, whereas in 
CSS, substantial apoptosis was observed with both drugs 
(Fig. 2B). A similar effect was also seen using C4-2 cells, a 
commercially available CRCaP subline of LNCaP cells 
obtained from tumors developed in castrated nude mice,38 
which has been extensively described by us previously39-41 
(Suppl. Fig. S1). Thus, our results indicate that CRCaP sub-
lines of LNCaP cells were growth inhibited by 1α(OH)D5 
in CSS medium despite neither 1α(OH)D5 nor culture in 
CSS being individually growth inhibitory in these cells.

Like LNCaP cells, LNCaP-AI experienced no increase 
in AR activity on a PSA promoter with 1α(OH)D5 as deter-
mined by luciferase assay, although calcitriol still increased 
PSA transcription in FBS medium (110% [2.1-fold] 
increase, P < 0.0001) (Fig. 2C). However, even calcitriol 
failed to induce AR activity in CSS medium, indicating that 
the effect was ligand dependent. These results indicate the 
effectiveness of 1α(OH)D5 in the inhibition of cell growth 
in CRCaP cells in combination with AWD.

The effects of 1α(OH)D5 are mediated by the VDR, which 
is suppressed in LNCaP-AI cells by high androgen and AR levels. 
We next investigated whether there is a link between AR 
transcriptional activity and the growth inhibitory effect of 
1α(OH)D5 in CaP cells. The genomic effects of calcitriol 
are regulated by the VDR; hence, we determined whether 
the effects of 1α(OH)D5 were mediated by the VDR as 
well. LNCaP-AI cells subjected to control siRNA for 48 
hours showed approximately 29% reduced growth rates 
when treated with 2 µM 1α(OH)D5 (P < 0.0001) (Fig. 3A, 
upper), but cells that were depleted of VDR with VDR 
siRNA for the same time period failed to respond to 1α(OH)
D5 (Fig. 3A, lower). The extent of VDR downregulation by 
VDR siRNA is shown in Supplementary Figure S2. These 
results indicate that the effects of 1α(OH)D5 on cell growth 
are mediated by the VDR. Next, we compared the levels of 
AR and VDR in the 2 cell lines studied. LNCaP-AI cells 
expressed higher AR and lower VDR levels compared to 
LNCaP (Fig. 3B, left). Together, these data explain the dif-
ferential effects of 1α(OH)D5 in LNCaP versus LNCaP-AI 
cells; in medium with FBS, LNCaP cells responded to 
1α(OH)D5 because it expressed high levels of VDR, 
whereas LNCaP-AI cells did not respond due to lower VDR 
expression.

Our data indicated that culture in CSS for 24 hours slightly 
decreased VDR expression (Fig. 3B, left). This observation 
is in support of previous reports demonstrating positive cor-
relation between AR and VDR expression in LNCaP cells.23 
However, prolonged culture in CSS increased VDR expres-
sion in LNCaP-AI cells (Fig. 3B, right), coinciding with a 



Androgen receptor & vitamin D receptor in 1α(OH)D5 response / Mooso et al.	 931

renewed response of these cells to 1α(OH)D5 in CSS 
medium. Hence, we investigated the cause for CSS-induced 
increase in VDR expression. Charcoal stripping removes 
available androgens in FBS, together with other steroids and 
growth factors; hence, we investigated whether the effects of 
CSS observed above relate to the removal of androgens from 
the medium. Prolonged (4-day, but not 2-day) treatment with 
increasing doses of the androgen dihydrotestosterone (DHT) 
increased AR and decreased VDR expression (Fig. 3C), indi-
cating that the AR has a suppressive effect on VDR expres-
sion in prostate cancer cells.

AR downregulation increased VDR expression in LNCaP-AI 
cells and sensitized them to 1α(OH)D5. Since LNCaP-AI 

cells expressed higher AR and lower VDR levels compared 
to LNCaP, we investigated whether increased AR seen in 
LNCaP-AI cells suppressed VDR function, thereby desen-
sitizing these cells to 1α(OH)D5. In cells subjected to con-
trol siRNA only, treatment with calcitriol, and to some 
extent, 1α(OH)D5, induced AR expression; however, AR 
siRNA significantly inhibited AR levels (Fig. 4A, upper 
panel). VDR expression was induced by both calcitriol and 
1α(OH)D5 in cells transfected with control siRNA (Fig. 
4A, middle panel). However, inhibition of AR expression 
by AR siRNA enhanced VDR expression in vehicle-treated, 
calcitriol, and 1α(OH)D5-treated cells (Fig. 4A, middle 
panel). This supported our previous observation that the AR 
antagonized VDR expression in LNCaP-AI cells.
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The above results predicted that decreased AR expres-
sion sensitizes LNCaP-AI cells to the effects of 1α(OH)D5. 
Hence, we subjected LNCaP-AI cells to control and AR 
siRNA and determined the growth-inhibitory effects of 
1α(OH)D5 under these conditions. As before, LNCaP-AI 
cells grown in FBS and subjected to control siRNA were 
resistant to growth inhibition by 1 µM 1α(OH)D5 (14.93% 
inhibition only, P > 0.05) (Fig. 4B, upper). However, down-
regulation of AR expression with AR siRNA sensitized 
these cells to 1α(OH)D5 even in the presence of FBS 

(41.43% inhibition, P = 0.0092) (Fig. 4B, lower). Taken 
together, these results indicate that the activation of the AR 
suppresses VDR levels and also the response of LNCaP-AI 
cells to 1α(OH)D5, whereas AR inhibition relieves this sup-
pression and sensitizes these cells to the drug.

AR overexpression antagonizes the vitamin D receptor, sup-
presses the expression of prohibitin, and prevents responsive-
ness to 1α(OH)D5 in pRNS-1-1 cells. Next, we investigated 
whether an increase in AR expression can suppress VDR 
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expression. For this purpose, we used pRNS-1-1 cells derived 
from prostate epithelial cells, which had subsequently  
lost AR expression and adapted to androgen-independent 
growth (described by us36,42). To determine the effect of AR 
overexpression on the effect of 1α(OH)D5, pRNS-1-1 cells 
were stably transfected with vector alone, or wild-type AR 
(wtAR), and subjected to increasing doses of 1α(OH)D5. 
However, since the previous figures showed experiments 
that were all conducted in LNCaP cells and its CRCaP sub-
lines, which endogenously express a mutant AR (T877A), 
we also used cells stably transfected with the AR mutant to 
determine whether they behaved similarly to those express-
ing wtAR. The cells stably transfected with vector alone 
responded to increasing doses of 1α(OH)D5 (1 µM: 57% 
decrease after 5 days, P = 0.0022; 2 µM: 71.7% decrease, P 
= 0.0131) (Fig. 5A); however, when transfected with wild-
type AR (1 µM: 11.2% decrease after 5 days, P > 0.05; 2 
µM: 15.6% decrease, P = 0.0013) (Fig. 5B) or AR T877A 
(1 µM: 15.9% decrease after 5 days, P = 0.0254; 2 µM: 
6.01% decrease, P = 0.0119) (Fig. 5C), these cells lost the 
ability to respond to 1α(OH)D5. Investigation into the cause 
of this loss of response revealed that pRNS-1-1 cells stably 
expressing wild-type AR or AR(T877A) expressed signifi-
cantly less VDR compared to those expressing vector alone 
(Fig. 5D, upper panels). Thus, the expression of the AR pre-
vents sensitivity to 1α(OH)D5 in pRNS-1-1 cells by 
repressing VDR expression. These results confirm our pre-
vious observations that the AR is a suppressor of VDR 
expression.

Next, we investigated the mechanism by which the AR 
regulates VDR expression in prostate cancer cells. Previous 
reports indicated that androgens downregulate the expres-
sion of prohibitin (PHB),28 while 1α(OH)D5 stimulated 
PHB in breast cancer cells32; these reports suggested that 
PHB may interact with both the AR and VDR. Based on 
these reports, we investigated the levels of PHB in the vari-
ous pRNS-1-1 mutant cell lines used. In support of a posi-
tive correlation between the VDR and PHB, and a negative 
effect on both by the AR, expression of wild-type or mutant 
AR in pRNS-1-1 cells suppressed PHB expression (Fig. 5D, 
third panel). Taken together, these results indicate a com-
mon relationship between the AR, VDR, and PHB.

AR-induced suppression of VDR expression and sensitivity to 
1α(OH)D5 are mediated by its effect on prohibitin. Since our 
previous results indicate a common effect of AR expression 
on VDR and PHB levels in pRNS-1-1 cells, we investigated 
whether PHB mediated the interaction between the VDR 
and the AR. Downregulation of PHB expression with a pool 
of 3 PHB-specific siRNA duplexes in LNCaP and LNCaP-
AI cells not only resulted in an upregulation of AR levels 
(Fig. 6A, third panel), as previously reported by others,29,30 
but also in downregulation of VDR expression in LNCaP-AI 

but not in LNCaP cells (Fig. 6A, second panel). On the 
other hand, downregulation of AR expression in LNCaP-AI 
cells increased PHB expression (Fig. 6B) in accordance 
with reports in the literature.28 Together with a lack of AR 
regulation of the VDR in LNCaP cells, but strong AR regu-
lation of VDR in LNCaP-AI cells, these results indicate that 
expression or activation of the AR in CaP cells suppresses 
PHB expression and that in CRCaP cells, but not in castra-
tion-sensitive cells, this in turn prevents the expression of 
the VDR.

The above indicate that PHB may mediate the interac-
tion between the VDR and the AR; hence, we investigated 
whether PHB is required for the suppressive effect of the 
AR on VDR expression. Androgen-independent LNCaP-AI 
cells, which express a mutant AR(T877A), when cultured 
in CSS-containing medium, respond to 1α(OH)D5 in the 
presence of control siRNA (54% inhibition with 2 µM 
1α(OH)D5, P < 0.01) (Fig. 6C, upper panel). However, 
upon PHB downregulation using the same siRNA duplex 
pool described in Figure 6A, these cells became less respon-
sive to 1α(OH)D5 (28% inhibition at the same dose, P = 
0.006) (Fig. 6C, lower panel). However, a similar response 
was not seen in LNCaP cells (not shown). These results 
indicate that PHB mediates androgen-regulated responsive-
ness of LNCaP-AI, but not LNCaP cells, to 1α(OH)D5.

Discussion
The overall objective of the studies described here is to 
determine whether 1α(OH)D5 in combination with AWD 
prevents CRCaP cell growth. The parent compound, cal-
citriol, has repeatedly demonstrated antiproliferative prop-
erties against CaP; however, the antineoplastic activity of 
calcitriol is achieved at doses that result in hypercalcemia 
and toxicity. Intermittent dose-intense calcitriol (DN-101), 
together with the chemotherapeutic agent docetaxel, was 
relatively successful in a phase II trial (AIPC Study of Cal-
citriol Enhancement of Taxotere [ASCENT]) but, despite 
early promise,43 did not achieve its primary endpoint for 
PSA response44; however, a much larger phase III interna-
tional trial, ASCENT-2, was halted early due to decreased 
survival in the ASCENT arm compared to docetaxel alone.13 
As investigators debate the revival of the ASCENT-2 trial, 
a number of low-calcemic analogs of the parental com-
pound have been placed in clinical development; this 
includes 1α(OH)D5, which was used in the present 
studies.

Here, we show that treatment with 1 to 2 µM 1α(OH)D5 
and 0.1 µM calcitriol inhibited growth in LNCaP cells to a 
similar extent. However, the mechanism by which these 2 
drugs inhibit cell growth is different; whereas 1α(OH)D5 
induced higher levels of apoptosis, calcitriol caused greater 
cell cycle arrest. It is likely that the difference in response 
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of CaP cells to calcitriol and 1α(OH)D5 is attributable to  
the difference in binding affinities of these 2 reagents to the 
VDR since calcitriol has a higher binding affinity to the 
VDR compared to 1α(OH)D5 (Dr. Rajendra Mehta, unpub-
lished observations). While nongenomic effects of calcitriol 
are well known,45 it remains to be seen whether 1α(OH)D5 
also has nongenomic effects and whether they affect its 
induction of apoptosis.

The difference in proliferation versus apoptosis in cal-
citriol versus 1α(OH)D5 has significant implications 
regarding their use to prevent the growth of CaP cells. It 
was previously shown that in castration-sensitive LNCaP 
cells (but not in CRCaP cells), calcitriol was highly effec-
tive in the presence of FBS, whereas it was less effective in 
LNCaP cells cultured in media containing CSS, where 
androgen levels were lower.9,21,22 We hypothesize that if 
calcitriol at 100 nM mainly induces growth arrest, then it 
will be effective only against a cycling cell but would not 
have further effect upon culture in CSS, which is well 
known to cause LNCaP cells to undergo G1 arrest. There-
fore, in castration-sensitive LNCaP cells, the effect of the 

VDR ligands in FBS versus CSS may be independent of AR 
regulation of VDR, whereas in castration-resistant cells, the 
effect is dependent on AR regulation of VDR expression. 
Since 1α(OH)D5 has a greater effect on LNCaP cells, we 
hypothesize that its effect in the long term may be greater. 
The current data could not be used to test this hypothesis 
because of the lack of sufficient LNCaP cells cultured in 
CSS-containing media available for flow cytometry in 
repeated experiments. Although other techniques to test this 
hypothesis are beyond the scope of this study, they are pres-
ently in progress in our laboratory.

It may be noted that while 1α(OH)D5 has a cytostatic 
effect at 10x the dose used for calcitriol, it is still effective 
since 100 nM calcitriol has been shown to be cytotoxic, 
whereas 1 µM 1α(OH)D5 was shown to be nontoxic.14,15,46 
In addition, for a nontoxic drug, 1 µM is not an unrealistic 
dose; for example, the commonly used antiandrogen Caso-
dex (AstraZeneca), which has a low toxicity profile, is used 
at a 50-mg daily dose to achieve an intraprostatic dose of 
approximately 10 µM. Although both calcitriol and 1α(OH)
D5 were more effective in LNCaP cells cultured in the 
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presence of androgens compared to its absence, in CRCaP 
sublines of LNCaP developed in our laboratory by continu-
ous culture in CSS-containing medium (LNCaP-AI), both 
calcitriol and 1α(OH)D5 were more effective in the absence 
of AR transcriptional activity compared to its presence. We 
have described the characteristics of LNCaP-AI cells previ-
ously,36,40 and we have shown that these cells are not growth 
arrested by culture in CSS or by treatment with bicaluta-
mide (Casodex, AstraZeneca), a competitive inhibitor of 
AR ligand binding; however, in these cells, CSS or Casodex 
(AstraZeneca) treatment still inhibits AR transcriptional 
activity. These cells therefore represent CaP cells that failed 
first-line hormonal therapy (described in Introduction).

We show that these CRCaP cells do not respond to cal-
citriol or 1α(OH)D5 because a different effect is now at 
work, extraordinarily high AR, which suppresses VDR lev-
els. Although growth of these cells is not affected by AWD 
alone, these treatments still decrease AR transcriptional 
activity, which stimulates VDR levels; hence, CRCaP 
LNCaP-AI cells, despite being resistant to AWD and to 
1α(OH)D5 individually, are growth inhibited by the combi-
nation of these two treatments. Taken together, these results 
indicate that following the failure of first-line hormonal 
therapy, 1α(OH)D5 is a good therapeutic agent to prolong 
the effectiveness of second-line hormonal therapy in CaP 
cells.
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Our data show that the AR is a negative regulator of VDR 
expression in CRCaP cells but not in castration-sensitive 
cells so that an increase in AR expression, frequently seen in 
CRCaP cells, caused a decrease in VDR levels, which pre-
vented 1α(OH)D5’s growth-inhibitory effects (Fig. 6D). The 
fact that this effect is seen in CRCaP cells but not in the 
parental castration-sensitive cells indicates that the ability to 
regulate the VDR is a mechanism acquired during CRCaP 
development. The AR does not directly affect VDR tran-
scription; however, we show that the cell cycle regulator 
PHB likely plays an important role in mediating the effect of 
the AR on VDR expression in CRCaP cells. AR and PHB 

were earlier shown to regulate each other,28,29 and we now 
show that PHB regulates VDR expression in CRCaP cells 
but not in castration-sensitive cells. Therefore, in castration-
sensitive cells, although the AR negatively regulates PHB, 
this does not affect VDR expression, whereas in CRCaP 
cells, negative regulation of PHB by the AR results in con-
comitant negative regulation of the VDR by the AR.

An investigation of how PHB affects VDR expression in 
LNCaP-AI, but not LNCaP, cells is beyond the scope of the 
present study and will be addressed in future projects. How-
ever, it may be noted that a previous report, which showed 
a suppressive effect of AR on VDR transcriptional activity, 
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suggested that competition for shared coregulators between 
AR and VDR is a possible mechanism to explain the sup-
pressive effect of androgens on VDR activity.23 In the current 
study, we do not examine VDR activity but establish that the 
AR is a negative regulator of VDR expression in CRCaP 
cells but not in castration-sensitive cells. The effect of AR on 
VDR levels is likely by a different mechanism involving 
PHB. PHB is not a transcription factor, but it represses E2F1-
mediated gene transcription by recruitment of transcriptional 
repressors including the nuclear corepressor 1 (NCoR1).25,27 
It remains to be seen whether PHB regulation of E2F1 activ-
ity, and recruitment of NCoR1, plays a role in its regulation 
of VDR levels. It may be noted that a 2008 study showed that 
calcitriol treatment recruits the corepressors NCoR and 
SMRT to the VDR/RXR complex.47 However, another study 
showed that overexpression of AR in LNCaP cells induced 
PHB expression, although the induction was less than 
2-fold48; this may be a consequence of the biphasic response 
of these cells to increased AR and an attempt to slow down 
the growth of the cells at very high AR.

Furthermore, unlike calcitriol at 100 nM, 1α(OH)D5 at 
the cytostatic equivalent concentration, 1 µM, did not 
increase AR transcriptional activity. The significance of the 
increase in AR transcriptional activity by calcitriol, as seen 
in LNCaP cells, has been debated. A previous study has 
noted that the onset of calcitriol-induced G0/G1 arrest in 
LNCaP and CWR22R cells correlated with the onset of 
increasing AR expression in response to calcitriol treatment 
and hypothesized that the antiproliferative actions of cal-
citriol in AR-positive prostate cancer may be mediated 
through AR expression.49 While very high levels of andro-
gens, which cause very high levels of AR expression, are 
known to be antiproliferative,50,51 low-to-medium levels of 
AR transcriptional activity in CaP cells are associated with 
high levels of proliferation,51 indicating that the increase in 
AR transcriptional activity by calcitriol may not be as ben-
eficial as previously suggested.49 On the other hand, this 
effect may also be an artifact of the cell culture system, as 
no significant change in serum PSA or free PSA over 8 days 
was observed in 8 subjects treated with a single dose of  
0.5 µg/kg calcitriol.52 However, it is also true that the 
phase II ASCENT trial did not achieve its primary endpoint 
for increased PSA response, although there was a signifi-
cant trend in PSA response rate in the DN-101 arm.44 There-
fore, the lack of increase in PSA and AR transcriptional 
activity as seen in 1α(OH)D5-treated cells compared to  
calcitriol supports its utility as an antitumor agent.

In summary, we have shown here that the vitamin D ana-
log, 1α(OH)D5, similar to calcitriol, has cytostatic effects 
in androgen-dependent LNCaP cells. However, unlike cal-
citriol, 1α(OH)D5 does not increase AR transcriptional 
activity, indicating a mechanism of action distinct from its 
parental compound. The cytostatic effects of 1α(OH)D5 are 

not seen in LNCaP-AI, a CRCaP subline of LNCaP cells, in 
the presence of androgens. However, AWD, which was 
ineffective by itself, sensitized LNCaP-AI cells to 1α(OH)
D5. These cytostatic effects were mediated by an interac-
tion between the AR and the VDR; in the CRCaP cells, 
increased expression of the AR repressed VDR expression, 
and inhibition of the AR stimulated VDR expression and 
sensitized CaP cells to the growth-inhibitory effects of 
1α(OH)D5 mediated by the VDR. These effects are likely 
mediated by the cell cycle regulator PHB, which stimulated 
VDR expression in CRCaP cells. Our data show that 
1α(OH)D5, together with androgen withdrawal, is likely of 
therapeutic value to prevent the development of CRCaP.

Materials and Methods
Cell Culture and Pharmacological Treatments

Cells were normally cultured in “regular medium”: RPMI 
1640 medium with 5% fetal bovine serum (FBS) (Invitro-
gen, Grand Island, NY) unless otherwise specified. LNCaP 
cells were purchased from American Type Culture Collec-
tion (Manassas, VA). Androgen-independent clones of 
LNCaP cells (LNCaP-AI cells)36,37 were obtained by pro-
longed culture of LNCaP cells in “low androgen medium”: 
phenol red–free RPMI 1640 with 5% charcoal stripped FBS 
(CSS, Hyclone, Logan, UT). The SV40-immortalized 
human prostate epithelial cell line (pRNS-1-1) developed 
from a normal prostate has been described elsewhere.36,42 
These cells had lost expression of the AR while in culture, 
and stable transfectants of pRNS-1-1 cells expressing vec-
tor alone, wild-type, or mutant AR were developed and pro-
vided by Dr. XuBao Shi (University of California, Davis).42 
Calcitriol and 4,5α-dihydrotestosterone (DHT) were 
obtained from Sigma-Aldrich (St. Louis, MO) and were 
dissolved in 200 proof ethanol, as was 1α(OH)D5, which 
was synthesized as described elsewhere.14

Analysis of Cell Growth and Death

Flow cytometry. Cells were grown under desired condi-
tions in 100-mm dishes at 0.5 × 106 cells/dish. Flow cytom-
etry was conducted on FACStar Plus (Becton Dickinson 
Immunocytometry Systems, San Jose, CA). Cells were illu-
minated with 200 mW of 488-nm light produced by an argon-
ion laser. Fluorescence was read through a 630/22-nm 
band-pass filter (for propidium iodide) or a 530/30-nm 
band-pass filter (for annexin V–FITC). Data were collected 
on 20,000 cells as determined by forward and right angle 
light scatter and stored as frequency histograms; data used 
for cell cycle analysis were further analyzed using MOD-
FIT (Verity Software House, Topsham, ME).
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MTT Assay. Cells were plated in 24-well plates and treated 
as indicated. Following treatment, each well was incubated 
with 25 µL of 5 mg/mL 3-[4,5-dimethylthiazol-2yl]-2,5- 
diphenyl-tetrazolium bromide (MTT) for 1 hour in a CO

2
 

incubator at 37°C. The medium was aspirated, and 0.5 mL 
DMSO was added per well. Proliferation rates were esti-
mated by colorimetric assay reading formazan intensity in a 
plate reader at 562 nm.

Immunoblotting

These techniques were performed as described else-
where.53,54 Mouse monoclonal anti-AR and antitubulin and 
antirabbit prohibitin antibodies were from Santa Cruz Bio-
technology (Santa Cruz, CA). Mouse monoclonal anti-PSA 
and anti-VDR antibodies were from Neomarkers, Lab 
Vision Corporation (Fremont, CA). Mouse monoclonal 
antiactin was obtained from Sigma-Aldrich.

Transfection

Cells were transiently transfected using Lipofectamine 
2000 reagent (Invitrogen) according to the manufacturer’s 
specifications using 2 µg plasmid DNA. Wild-type AR 
(pAR0) plasmid had been obtained from Dr. Albert O. 
Brinkman (Erasmus University, Rotterdam, the Nether-
lands).55 The AR mutant plasmid pCEP4-AR(T877A) was 
developed and provided by Dr. XuBao Shi (University of 
California, Davis), as has been described elsewhere.56 A 
human PSA reporter plasmid consisting of the human PSA 
5′-flanking region (-631/-1) containing androgen response 
elements I and II (ARE I and ARE II) tagged to a luciferase 
construct (hPSA-luc) was also provided by Dr. XuBao Shi 
(University of California, Davis).

AR Transcriptional Activity

Reporter gene activity was determined by luciferase assay 
as described by us elsewhere.36 Cells were cotransfected 
with 2 µg of hPSA-luc with 2 µg of pCMV-βGal using 
Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s recommendations. Cells grown in complete medium 
for 24 hours were treated as required for an additional  
48 hours. After 48 hours, cell lysates were prepared for per-
forming luciferase assays using a luciferase enzyme assay 
system (Promega Corporation, Madison, WI). Each trans-
fection experiment was performed in triplicate on at least 3 
separate occasions. Results represent an average of inde-
pendent experiments with data presented as relative lucifer-
ase activity using means of untreated controls as standards.

RT-PCR

RT-PCR was performed as described elsewhere.36,37 RNA 
was extracted using TRIzol Reagent (Life Technologies 
Inc., Grand Island, NY). cDNA synthesis used Moloney 
murine leukemia virus Reverse Transcriptase (Promega 
Corporation). The following amplification conditions were 
used in an MJ PTC-100 thermal cycler (MJ Research, 
Incline Village, NV): an initial denaturation for 5 minutes at 
94°C, 30 cycles at 94°C for 30 seconds, 59°C for 30 sec-
onds, and 72°C for 1 minute, followed by a final extension 
for 10 minutes at 72°C. The following primers were used: 
α-actin-F: 5′-ACT CTT CCA GCC TTC GTT C-3′, 
α-actin-R: 5′-ATC TCC TTC TGC ATC CTG TC-3′, hAR-
F: 5′-TCC AAA TCA CCC CCC AGG AA-3′, and hAR-R: 
5′-GAC ATC TGA AAG GGG GCA TG-3′.

RNA Inhibition

Cells were transiently transfected using Lipofectamine 
2000 reagent (Invitrogen) according to the manufacturer’s 
specifications based on established protocols using 50 pmol 
(stock: 100 nM) of AR siRNA, VDR siRNA, PHB siRNA, 
or a control (scrambled) siRNA for 48 to 96 hours (Santa 
Cruz Biotechnology). Sequences for the siRNA used are the 
following: anti-AR siRNA sense strands: (A) 5′-CAG UCC 
CAC UUG UGU CAA A-3′, (B) 5′-CCU GAU CUG UGG 
AGA UGA A-3′, (C) 5′-GUC GUC UUC GGA AAU GUU 
A-3′, and (D) 5′-GAC AGU GUC ACA CAU UGA A-3′; 
VDR siRNA sense strands: (A) 5′-CAU CCG UAG UUC 
CCU GAA ATT-3′, (B) 5′-CAC GUU CCU UAC UGC AGA 
ATT-3′, and (C) 5′-GGA ACU CCU GGA AAU AUC ATT-3′; 
and PHB siRNA sense strands: (A) 5′-CCA UCA CAA CUG 
AGA UCC U-3′, (B) 5′-GGA AGG AAA CAA AUG UGU 
A-3′, and (C) 5′-GUG UAU AAA CUG CUG UCA A-3′. 
Control was a pool of 4 scrambled nonspecific siRNA 
duplexes. According to the manufacturer, BLAST analysis 
confirmed at least 4 mismatches with all known human, 
mouse, and rat genes, and each individual siRNA within 
this pool was extensively characterized by genome-wide 
microarray analysis and found to have minimal off-target 
signatures.
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Abstract
Prostate carcinoma (CaP) is a heterogeneous multifocal disease where gene expression and
regulation are altered not only with disease progression but also between metastatic lesions. The
androgen receptor (AR) regulates the growth of metastatic CaPs; however, sensitivity to androgen
ablation is short lived, yielding to emergence of castrate-resistant CaP (CRCaP). CRCaP prostate
cancers continue to express the AR, a pivotal prostate regulator, but it is not known whether the
AR targets similar or different genes in different castrate-resistant cells. In this study, we
investigated AR binding and AR-dependent transcription in two related castrate-resistant cell lines
derived from androgen-dependent CWR22-relapsed tumors: CWR22Rv1 (Rv1) and CWR-R1
(R1). Expression microarray analysis revealed that R1 and Rv1 cells had significantly different
gene expression profiles individually and in response to androgen. In contrast, AR chromatin
immunoprecipitation (ChIP) combined with promoter DNA microarrays (ChIP-on-chip) studies
showed that they have a similar AR-binding profile. Coupling of the microarray study with ChIP-
on-chip analysis identified direct AR targets. The most prominent function of transcripts that were
direct AR targets was transcriptional regulation, although only one transcriptional regulator,
CCAAT/enhancer binding protein δ, was commonly regulated in both lines. Our results indicate
that the AR regulates the expression of different transcripts in the two lines, and demonstrate the
versatility of the AR-regulated gene expression program in prostate tumors.

Introduction
Multiple studies have demonstrated heterogeneity in prostate carcinoma (CaP), a multifocal
disease where tissue architecture and genetic expression are altered not only with disease
progression but also between metastatic lesions of patients with prostate cancer (Nwosu et
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al. 2001, Beheshti et al. 2002, Liu et al. 2004, Shah et al. 2004). Comparison of metastatic
lesions from the same patient as well as different patients showed that metastatic hormone-
refractory prostate cancer has a heterogeneous morphology, immunophenotype, and
genotype, demonstrating that ‘metastatic disease’ is a group of diseases even within the
same patient (Shah et al. 2004). As prostate cancer can progress from an organ-confined,
localized state to metastasis, the problem in treating the disease is the identification of
therapeutic targets that are common to all the foci within the same patient or in multiple
patients. As most CaPs are initially present as androgen-dependent neoplasms, androgen
ablation therapy (chemical castration) is an effective treatment, which initially blocks
androgen receptor (AR) cell signaling in almost all patients. Although this therapy is
initially successful, castration-resistant androgen-independent tumors that are refractory to
hormonal therapeutic interventions emerge (Huggins & Hodges 1941, Gittes 1991).
Androgen-independent CaPs continue to express the AR and androgen-regulated genes.
Thus, a better understanding of the action of AR is a pivotal issue in defining the molecular
events that lead to the progression of CaP. However, it is unclear whether requirement for
AR function in various foci and metastatic lesions within the same patient or similar groups
of patients is the same.

Various studies have indicated that the function of the AR depends on the biochemical
environment in which it exists (Ruizeveld de Winter et al. 1994, Li et al. 2002). As a
member of the nuclear receptor superfamily that functions as a ligand-dependent
transcription factor, AR mediates androgen-regulated gene expression. Androgen-bound AR
is stabilized and translocated into the nucleus to regulate the expression of target genes by
binding to androgen response elements (AREs) or by interacting with other transcription
factors bound to their specific recognition sites. The role of AR in CaP progression is to
promote expression of specific target genes. For example, prostate-specific antigen (PSA),
the best studied AR target gene, has been reported to contribute to CaP progression through
its protease activity and its ability to induce epithelial–mesenchymal transition and cell
migration (Borgono & Diamandis 2004, Whitbread et al. 2006). Other AR target genes
implicated in CaP progression include FGF8, Cdk1 and Cdk2, PMEPA1, TMRPSS2, and
amyloid precursor protein (Gregory et al. 1998, Lin et al. 1999, Gnanapragasam et al. 2002,
Xu et al. 2003, Takayama et al. 2009). However, the function of the AR is tightly regulated
by the expression of co-factors that are themselves regulated by various transcription factors,
including the AR. Studies revealed differential expression of co-regulators with disease
progression, which may have led to altered AR function (Li et al. 2002). Hence, an
important point of investigation in prostate cancer research is to determine whether the AR
functions similarly or differently in various metastatic lesions within the same patient.

Since the last decade, microarray techniques have been applied extensively in searching for
genes that are AR regulated specifically in prostate tumors. Although gene expression
profiling is a powerful technique for depicting the global function of the AR in a specified
model, it does not distinguish whether alteration of gene expression is dependent on a direct
or indirect action of AR. Moreover, despite the well-characterized AREs in the promoter and
enhancer, little is known about AR cis-regulatory sites across the human genome. Chromatin
immunoprecipitation (ChIP-on-chip) technology has been used for the identification of
chromosomal-binding sites of transcription factors to identify novel targets (Cawley et al.
2004, Bernstein et al. 2005). Therefore, coupling microarray studies with ChIP-on-chip
allows the identification of bona fide AR target genes. Wang et al. (2007) mapped the AR-
binding sites on chromosomes 21 and 22 in androgen-dependent LNCaP human prostate
cancer cells by combining ChIP with tiled oligonucleotide microarrays. Later, they followed
up with comparisons between LNCaP versus a castrate-resistant CaP (CRCaP) variant of
LNCaP cells (Wang et al. 2009), in an attempt to identify direct AR-dependent target genes
in both androgen-dependent CaP as well as in CRCaP, and determined that the role of the
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AR in CRCaP is to execute a distinct program resulting in androgen-independent growth.
Significantly, targets identified by one group in a CRCaP subline of LNCaP cells (Wang et
al. 2009) were not identical to those in another LNCaP subline, C4-2B, shown in a different
study (Jia et al. 2008), which mapped AR-occupied regions as well. A third study, which
used PC3 cells transfected with wild-type AR (Lin et al. 2009), also identified distinct AR-
occupied regions in target genes. The differences in these results may be attributed to
differences in the technologies used to study AR-binding sites. An alternative explanation
may be that because of the heterogeneity of gene expression in different CaP foci and
metastatic lesions, the programs regulated by the AR in each deposit, even within the same
patient, may be distinct.

The CWR22 androgen-dependent xenograft model, which mimics human prostate cancer,
has been used to study the emergence of CRCaP (Wainstein et al. 1994). In male nude
athymic mice, this xenograft exhibits androgen-dependent growth and secretes PSA. After
androgen withdrawal, the tumors regress and PSA levels plummet. Importantly, the model
simulates the clinical course of prostate cancer, in that PSA levels eventually increase and
CRCaP tumors emerge (Nagabhushan et al. 1996). Similar to most CRCaP tumors, CWR22-
recurring tumors continue to express the AR (Gregory et al. 1998), which contains a
mutation (H847Y) in the ligand-binding domain (LBD) of the molecule (Tan et al. 1997).
Since this model recapitulates salient features of human prostate tumors, it has been used
extensively to study the emergence of CRCaP.

Two cell lines, R1 and Rv1 (van Bokhoven et al. 2003), were isolated in separate
laboratories from CWR22-relapsed tumors. Several lines of evidence indicate that they were
derived from a common ancestor. Karyotypes of the two cell lines are very similar; both
lines shared the same structural abnormalities, including a reciprocal translocation between
chromosomes 6 and 14 (van Bokhoven et al. 2003). Both lines have the same AR (H847Y)
mutation that is present in the parental CWR22 cells (van Bokhoven et al. 2003). The Rv1
AR also contains a duplication of exon 3 (that encodes the DNA-binding domain), which
results in an insertion of 39 additional amino acids (Tepper et al. 2002). The insertion
mutation was present in the relapse tumor, and the subsequent cell line was established from
the tumor, but very low levels of this mutated AR could also be detected by RT-PCR in the
parent CWR22 tumor (Tepper et al. 2002). Additionally, we and others found that R1 and
Rv1 express an ~80 kDa low molecular weight form of AR (LMW-AR) with a deletion of
the C-terminal LBD (Gregory et al. 2001, Tepper et al. 2002). However, though the cell
lines have significant similarities, they also exhibit differences. In a recent study, we showed
that R1 and Rv1 cells were distinct in their AR expression, characterization, and function
(Chen et al. 2010). The goals of the current study were to use these two cell lines to
determine similarities and differences in AR-regulated programs in two related but distinct
systems with a common lineage.

Materials and methods
Cell culture and pharmacological agents

Rv1 cells were obtained from American Type Culture Collection (ATCC, Manassas, VA,
USA). CWR-R1 cells were provided by Dr Elizabeth Wilson (University of North Carolina).
Rv1 and R1 cells were propagated in RPMI 1640 supplemented with 5% fetal bovine serum,
2 mmol/l L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin (Invitrogen Life
Science) at 37 °C and 5% CO2. For studies in androgen-depleted conditions, cells were
propagated in phenol red-free RPMI 1640 supplemented with 5% charcoal-stripped fetal
bovine serum, 2 mmol/l L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin at 37
°C and 5% CO2.
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Western immunoblot analysis
Cells were directly placed in a radioimmunoprecipitation assay lysis buffer that contained
the Sigma protease inhibitor cocktail (AEBSK, aprotinin, E64, leupeptin, and pepstatin as
well as 1 µM calpeptin; Sigma–Aldrich). Thirty micrograms of protein were separated on 8,
10, or 12% SDS-PAGE gels and transferred to 0.22µM nitrocellulose-supported membrane
(GE Healthcare, Piscataway, NJ, USA). The membrane was blocked with 5% nonfat dry
milk in PBS and 0.1% Tween-20 before the addition of specific antibodies. The following
antibodies were used: AR (central) 441 (Ab-1; Lab Vision Corp., Fremont, CA, USA), AR
NH2-terminus N-20 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), calpain 2
(Sigma), calpastatin, ERK and phosphoERK (Cell Signaling, Danvers, MA, USA), and focal
adhesion kinase (clone 4.47; Millipore, Billerica, MA, USA). Proteins were detected using
chemiluminescence (GE Healthcare).

Microarray analysis
Labeling of samples, hybridization to U133A Gene-Chips (Affymetrix, Santa Clara, CA,
USA), staining, and scanning were performed as described in the Affymetrix Expression
Analysis Technical Manual. Fluorescence intensity values (.CEL files) generated from
hybridized, stained GeneChips were analyzed with R statistical software (v.2.01, and ‘affy’
BioConductor package) and BRB Array Tools to identify genes that were differentially
expressed. The settings used for Robust Multichip Analysis in R included Microarray Suite
5.0-based background correction, quantile normalization, and Robust Multichip Analysis-
based algorithms for calculation of expression values using perfect match only fluorescence
intensities. Detection at P≤ 0.05 and a mean fold change of ≥1.5-fold were used as criteria
for filtering genes for clustering analyses. Hierarchical clustering and comparative fold
change analysis were used to identify and group similar patterns of gene regulation.
Assignment of genes to functional categories was done by annotation of gene lists with the
program, Database for Annotation, visualization, and Integrated Discovery (http://
apps1.niaid.nih.gov/david), and literature-based classification was done by hand.
Statistically overrepresented (Fisher’s exact probability score <0.05) biological processes
within clusters were identified using Expression Analysis Systematic Explorer v.1.0 analysis
software (Hosack et al. 2003).

Quantitative real-time PCR
Total cellular RNA was prepared from Rv1 cells using RNeasy mini kit (Qiagen, Inc.) based
on the manufacturer’s protocol. cDNA was synthesized from 1 µg RNA using QuantiTect
(Qiagen) reverse transcription kit based on the manufacturer’s protocol. cDNAs were diluted
1:4 in ddH2O, and 2 µl diluted cDNA was added to 5 µl of EXPRESS SYBR GreenERTM
qPCR supermix (Invitrogen Life Science) and 200 nM of each primer. GAPDH, HPRT, or
RPL13A was used as the endogenous expression standards. PCR conditions were initial
denaturation step at 95 °C for 20 s, 40 cycles at 95 °C for 3 s, 60 °C for 30 s, followed by
additional 95 °C for 15 s and 60–95 °C over 20 min ramp for melt curve analysis. Primer
sequences used in the study are provided in Supplementary Methods (see section on
supplementary data at the end of this article). Data were collected by the Mastercycler ep
Realplex (Eppendorf AG, Hamburg, Germany). Primer sequences are available upon
request.

Ingenuity pathway analysis
The microarray expression data were uploaded into ingenuity pathway analysis (IPA)
software using Reference sequence (RefSeq). A total of 2322 genes were mapped using the
IPA database. Fold change of 1.5 and P value of ≤0.05 were applied as the cutoff criteria.
Gene networks were algorithmically generated based on their connectivity and were
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assigned a score. A score of 3 or higher indicates a 99.9% confidence level that the network
was not generated by chance alone. Canonical pathway analysis identifies the pathways
from the IPA library of canonical pathways, which are most significant to the input dataset.
The significance of the association between the dataset and the canonical pathway is
determined based on two parameters: 1) a ratio of the number of genes from the dataset,
which map to the pathway, divided by the total number of genes that map to the canonical
pathway and 2) a P value calculated using Fischer’s exact test determining the probability
that the association between the genes in the dataset and the canonical pathway is due to
chance alone.

ChIP-on-chip analysis
Tiling array analysis was performed with GeneChip Human Promoter 1.0R Arrays
(Affymetrix) in order to determine genome-wide analysis of AR recruitment sites. Briefly,
AR-associated DNA was enriched by ChIP as described earlier (Louie et al. 2003, Desai et
al. 2006). ChIPs using a pre-immune IgG were used as controls. ChIP DNA (10 µl) and
input (10 ng) samples were amplified using the GenomePlex Complete Whole Genome
Amplification (WGA) kit (Sigma–Aldrich) with a modification to the manufacturer’s
protocol to generate product suitable for Affymetrix microarray analysis by including dUTP
(80 µM final concentration) in the amplification and re-amplification (if necessary)
reactions. WGA products were purified with QIAquick PCR purification kit, eluted in
nuclease-free water (Invitrogen), and quantitated with a NanoDrop 2000c spectrophotometer
(Thermo Scientific). Target preparation and tiling array-processing procedures were
performed according to Affymetrix’s standard protocols. Briefly, 7.5 µg DNA was
fragmented through the combined actions of uracil DNA glycosylase and human apurinic
endonuclease and then end labeled with biotin using terminal deoxynucleotidyl transferase.
Labeled target DNA was hybridized to the arrays at 45 °C for 16 h. Subsequently, the arrays
were washed and stained using the Fluidics Station 450 (Affymetrics, Santa Clara, CA,
USA) according to the manufacturer’s protocol and then scanned with the GeneChip
Scanner 3000 7G. Data analysis was performed with CisGenome software (Ji et al. 2008).
AR-binding regions (i.e. ChIP-enriched) were identified by comparing with the nonspecific
IgG control using the TileMap peak detection tool (Ji & Wong 2005) with the application of
a hidden Markov model. Subsequently, genomic locations of peaks and bound probes were
visualized in the CisGenome and UC Santa Cruz genome browsers.

Results
Comparison of the gene expression profiles of R1 and Rv1 cells

We have described earlier the characteristics of R1 and Rv1 cells derived from two different
relapsed tumors although both from the same parental CWR22 xenograft (Chen et al. 2010).
To further define the differences and similarities between the two CWR22 relapsed lines, we
used the Affymatix HG-U133 Plus2.0 Gene Chip microarray to identify differences in gene
transcription. The analysis was conducted in duplicate in R1 and Rv1 cells cultured in
identical conditions, at the same density in charcoal-stripped serum or 2 h after the addition
of 10 nM DHT. The 2 h time point was chosen to identify transcripts that are more likely to
be direct AR targets, and other laboratories had previously determined this concentration of
DHT to be optimal for AR stimulation (Wang et al. 2007).

Comparison of R1 and Rv1 gene expression profiles in castrate levels of androgen identified
1275 genes that were differentially expressed (fold change ≥1.5 or ≤−1.5; P≤0.05) in R1
versus Rv1 cells in the absence of androgens and 1941 transcripts that were differentially
expressed (fold change ≥1.5 or ≤−1.5; P≤0.05) in R1 versus Rv1 cells treated for 2 h with 10
nM DHT (Fig. 1A; Supplementary Table 1, see section on supplementary data given at the
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end of this article). Significantly, only 60% of genes differentially expressed in R1 versus
Rv1 in the presence of DHT were identical to the transcripts that were differentially
expressed in the absence of androgen (Fig. 1A; Supplementary Table 1). These results
indicated that the R1 and Rv1 cells were genetically distinct and could serve as models for
comparison of two different metastasized CaP lesions derived from the same patient.

We verified the specificity and selectivity of the results obtained with the microarray
analysis by comparing these results to known differences between the two lines. We had
shown earlier that R1 cells expressed increased levels of calpain 2 mRNA compared to Rv1
cells, whereas the levels of the calpain inhibitor calpastatin were similar in both lines (Chen
et al. 2010). A similar pattern was seen by the current gene expression studies, thereby
authenticating the results (Supplementary Table 1; Fig. 1B). R1 cells also expressed 11.7-
fold higher levels of c-MET mRNA (Supplementary Table 1; Fig. 1B). Rv1 cells have more
neuroendocrine characteristics than R1 cells because of a greater expression of neuronal-
specific enolase (ENO2; 12-fold change; P = 0.02; Supplementary Table 1; Fig. 1B),
chromogranin A and B (2.74- and 8.69-fold increase respectively), and synaptophysin (3.34-
fold increase; Supplementary Table 1). ENO2 expression was not altered by androgen (data
not shown). These results also show the accuracy of the gene expression analysis system in
these studies.

Based on the gene expression analysis, the most differentially expressed genes between R1
and Rv1 (expression in the absence of androgen) include TARP, IGFBP5, STEAP1,
NMNAT2, and SNAI2 (listed in Fig. 1C). To identify patterns in differential gene
expressions, IPA was used to identify the pathways that differed in the two cell lines. The
Fisher’s exact test was used to determine the probability that the association between the
dataset and a given pathway is due to chance alone. The most significant pathway
differences between R1 and Rv1 cells both in the presence and absence of androgen
involved metabolic pathways (Fig. 1D). In summary, the gene expression profiles of R1 and
Rv1 indicate that although these two lines were derived from the same CWR22 xenograft
and have similar morphologies, at the molecular level, they are distinct.

Analysis of genes differentially regulated in R1 versus Rv1 cell lines in response to
androgen treatment

Since the gene expression profile of R1 versus Rv1 cells was vastly different, we
investigated whether these genes behaved similarly in response to DHT treatment. Using the
same gene expression data that were used in Fig. 1, we analyzed genes that were
differentially regulated in the two cell lines in response to a 2 h androgen treatment. Using a
cutoff value of fold change ≥1.5 or ≤−1.5 and P≤0.05, we found that in Rv1 cells, the
expression of 854 transcripts was altered by a 2 h DHT treatment, whereas in R1 cells, the
expression of only 77 transcripts changed after the addition of DHT for 2 h (Fig. 2A;
Supplementary Table 2, see section on supplementary data given at the end of this article).
Therefore, the transcriptional response to DHT was greater in Rv1 cells than in R1 cells. A
comparison of the DHT-responsive R1 and Rv1 transcripts identified only ten genes that
were commonly regulated in both cell lines (Fig. 2B), again indicating the large differences
between these two lines. This included seven genes that were upregulated by DHT in both
R1 and Rv1 cells, including CEBPD and N-acetyltransferase type I (NAT1), and three that
genes were repressed in both cells, including CLDN4. Interestingly, the expression of HES1,
a component of the Notch signaling pathway (Fischer & Gessler 2007), was DHT regulated
in both cell lines, but expression was repressed in R1 cells and activated in Rv1 cells (Fig.
2B). Androgen-dependent regulation of six of these transcripts was validated by real-time
PCR, which verified the accuracy of these results (compare Fig. 2C with Supplementary
Table 2). The expression of two well-known androgen-responsive genes KLK3 (PSA) and
TMPRSS2 was not significantly altered by DHT in either cell line, thus confirming previous
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reports that the transcripts are not androgen regulated in these cell lines (Riegman et al.
1991, Lin et al. 1999, Tomlins et al. 2005).

It is possible that the discrepancy in the number of DHT-regulated transcripts in R1 and Rv1
cells is due to a delay in the DHT response in R1 cells. To address this possibility, we
looked at the expression of transcripts that were DHT regulated in R1 and Rv1 cells (NAT1
and TSC22D1), only in R1 cells (FKBP5), or only in Rv1 cells (KRIT1, p27, and FABP7) at
0, 2, 4, and 18 h after DHT addition (Fig. 2D). The time course for transcripts that were
regulated in both lines was similar but not identical in the two cell lines. Interestingly, the
induction of FKBP5 was more robust in R1 cells than in Rv1 cells; therefore, in the array,
study expression in Rv1 cells 2 h after DHT addition was below our cutoff value. In
concordance with the array analysis, KRIT1 and p27 were not DHT transactivated in R1
cells. The expression of FABP7 was elevated in Rv1 cells in a time-dependent manner, but
in R1 cells, the expression was repressed in a time-dependent manner. This analysis argues
that the smaller number of DHT-regulated transcripts in R1 cells is not due to a general
delay in response to hormone stimulation.

DHT-regulated pathways in R1 and Rv1 cells
Since the genes regulated by androgens in the two cell lines are different, we asked whether
the pathways they regulated were also different, or whether androgen was regulating the
same programs in both cells but through different mechanisms. The differentially expressed
genes in response to DHT for 2 h were analyzed by IPA to identify most significantly
associated biological networks and canonical pathways (metabolic and cell signaling)
altered in the two cell lines. The Fisher’s exact test was used to determine the probability
that the association between the dataset and a given pathway is due to chance alone. IPA
identified two significant biological networks associated with the differentially expressed
genes in R1 cells (the major one is shown in Fig. 3A, and the other one is shown in
Supplementary Figure 1, see section on supplementary data given at the end of this article),
whereas in Rv1 cells, a total of 18 biological networks were identified, which are
significantly associated with the differentially expressed genes (the major network is shown
in Fig. 3A, and the others are shown in Supplementary Figure 2, see section on
supplementary data given at the end of this article). In R1 cells, the significantly associated
functions affected by DHT treatment include gene expression, cellular development, cell
cycle, and embryonic development (Fig. 3B). The canonical pathways most significantly
associated with DHT treatment are notch signaling, clathrin-mediated endocytosis, JAK/Stat
signaling, and p53 signaling (Fig. 3C). The significantly associated functions in Rv1 cells
include cellular development, visual system development and function, cancer, cell cycle,
molecular transport, and protein trafficking (Fig. 3B), whereas the most associated canonical
pathways include aminoacyl-tRNA biosynthesis, axonal guidance signaling, DNA damage
response, cell cycle, p53 signaling, and clatrin-mediated endocytosis (Fig. 3C). These results
indicate a greater biological role of AR in Rv1 cells compared to R1 cells. However, a
number of cellular functions and canonical pathways regulated by DHT treatment in the two
cells lines are similar, suggesting that in the two cell lines, the AR plays a similar role, but
employs different mechanisms.

The activity of the AR is affected by multiple co-regulators that serve as co-activators or co-
repressors of AR-dependent transcription (Devlin & Mudryj 2009, Heemers et al. 2009).
Since the differences in DHT-inducible gene expression could be due to the expression of a
different cohort of AR co-regulators, we compared the expression of these proteins in the
two cell lines in the presence and absence of androgen (Table 1). The number of co-
regulators that were expressed at higher levels was greater in R1 than in Rv1 cells. R1 cells
had higher levels of 22 co-activators, whereas Rv1 cells had higher levels of 13 co-
activators. R1 cells had higher levels of eight co-repressors, and Rv1 cells had higher levels
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of seven co-repressors. However, it is notable that there were differences in co-regulator
levels in the presence or absence of androgen. Most of these differences were due to the
DHT-dependent regulation of co-regulator expression in Rv1 cells. The only AR co-
regulator that was differentially expressed after DHT addition in R1 cells was HEY1.

AR chromosomal-binding sites in R1 and Rv1 cells in response to DHT
Next, we asked why the cohort of androgen-regulated transcripts differed in R1 and Rv1
cells. Hence, we determined whether AR binding to regulatory regions differed significantly
between the two cell lines. The Human Promoter 1.0R Array (Affymetrix) oligonucleotide
(25-mer)-based, high-density tiling array that covers 25 500 promoters with probe sets
spanning at least 10 kb of genomic content per gene (~7.5 kb upstream and ~2.45 kb
downstream of the transcriptional start site (TSS)) and at a resolution of 35 bp was used to
identify AR-binding sites in the entire genome in both cell lines. A total of 1225 and 2021
AR-binding sites (FDR≤0.05) were identified in R1 and Rv1 cells respectively when treated
with DHT for 2 h. Figure 4A shows the distribution of the binding sites along chromosomes
in two cell lines. A comparison of AR binding across chromosomes in R1 and Rv1 cells
treated with DHT showed that AR-binding pattern was similar, but not identical (Fig. 4B).
Certain sites were AR bound only in Rv1 cells, whereas others were AR bound only in R1
cells. This analysis indicated that AR binding after the addition of DHT was more extensive
in Rv1 than in R1 cells, and most of the R1 AR-bound sites were also AR bound in Rv1
cells. Therefore, although the androgen-regulated gene expression profile of the two cell
lines is different, the AR-binding pattern is similar.

To validate our results, we focused on the binding pattern for three well-known androgen-
responsive genes KLK3 (PSA; Riegman et al. 1991), NKX3.1 (He et al. 1997), and
TMPRSS2 (Tomlins et al. 2005) in R1 and Rv1 cells. Gene expression studies had shown
that neither KLK3 nor TMPRSS2 was androgen regulated in either cell line; however, both
genes bound AR. In Rv1 cells, sequences near the KLK3 (PSA) gene bound AR (−4603,
−3484, and −2499 upstream of its TSS), whereas there was no AR binding near or in the
KLK3 gene in R1 cells (Fig. 4C). AR binding to NKX3.1 chromosomal region was
identified in both R1 and Rv1 cells. In R1 cells, AR bound in the 3′-UTR (2149 downstream
of TSS) of the NKX3.1 gene, whereas in Rv1 cells, AR bound not only in the 3′-UTR (2059
downstream of TSS) but also in the intron (1164 downstream of TSS) of NKX3.1 (Fig. 4C).
This result is consistent with a recent study that identified androgen-responsive elements in
the 3′-UTR of the NKX3.1 gene (Thomas et al. 2010).

AR binding in the 5′-UTR (two sites: 6382 and 7179 downstream of TSS) of the androgen-
regulated gene TMPRSS2 was detected in Rv1 cells, but no binding near or in the
TMPRSS2 gene in R1 cells (Fig. 4B). Previous studies conducted in LNCaP cells detected
AR binding to sequences ~14 kb upstream of the TMPRSS2 TSS, but this sequence was not
present in our promoter array. Hence, even if the AR bound to this section of TMPRSS2
gene in R1 or Rv1 cells, we would not detect AR binding. Therefore, we further analyzed
AR binding to the four sites identified in our study using ChIP analysis (Fig. 4D). After the
addition of 10 nM DHT for 2 h in Rv1 and LNCaP, AR binding was detected in Rv1 cells,
but not in LNCaP cells, further confirming our results.

Motif analysis of AR-binding sites
A motif analysis of the AR-binding sites was conducted to determine whether AR binds to
the established consensus ARE in these target genes. Previous studies conducted in LNCaP,
LNCaP-derived cells, or AR-transfected PC3 cells (Wang et al. 2007, Jia et al. 2008, Lin et
al. 2009) reported that only 10% or less of the AR-binding regions had a canonical class 1
ARE (AGAACAnnnTGTTCT)-binding motif when two positions were allowed to vary
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from the palindromic consensus with three nucleotides spacing. Previous studies also found
that between 7.8 and 8.4% of the binding regions contained the AR-binding half-site motif
(AGAACA). In this study, we found that in Rv1 cells, only 4% (86/2021) of the sites had
the canonical ARE and 35% (700/2021) had the AR half-site motif. Likewise, in R1 cells,
6% (76/1225) of the sites had the canonical ARE and 46% (568/1225) had the AR half-site
motif (Fig. 5A). These studies indicate that the canonical ARE is not required for AR
binding in the majority of the genes examined, and that the half-site is sufficient for AR
function.

The expression profile of genes closest to the AR-binding sites in R1 and Rv1 cells in
response to DHT

Next, we investigated whether the AR directly regulated the same cohort of genes in the two
cell lines. The AR-binding sites identified in R1 and Rv1 cells were closest to 965 and 1518
genes respectively (data not shown). Notably, although some closest genes only contained
one AR-binding site, many others had more than one AR-binding sites.

By combining the ChIP-on-chip with microarray expression data, we identified that, of the
854 differentially regulated genes in Rv1 cells in response to DHT for 2 h (Fig. 2A), AR
bound to nearby chromosomal sites (FDR≤0.05) of only 53 genes (6%). The location of the
AR-binding sites includes intron (15 genes), exon (2 genes), 5′-UTR (9 genes), 3′-UTR (3
genes), and within 5 kb upstream from the TSS (25 genes) (Fig. 5B; Supplementary Table
3A, see section on supplementary data given at the end of this article). Additionally, two
genes had AR-binding sites that were more than 10 kb upstream of TSS, whereas three
genes had AR-binding sites that were more than 10 kb downstream of the transcriptional end
site (TES). The same analysis was performed in R1 cells. Of the 77 differentially regulated
genes after adding DHT for 2 h, AR bound to the nearby chromosomal regions (FDR≤0.05)
of 32 genes (42%). The identified AR-binding sites include intron (4 genes), 5′-UTR (3
genes), 3′-UTR (2 genes), within 5 kb upstream of the TSS (8 genes), more than 10 kb
upstream of the TSS (14 genes), and more than 10 kb downstream of the TES (8 genes) (Fig.
5B; Supplementary Table 3). The AR-binding site that is far upstream or downstream of the
androgen-responsive genes resides within or downstream of other annotated genes
(Supplementary Table 3). However, the nearest genes are not androgen regulated. The
ability of the AR to bind to sequences within one gene, but regulate transcription of a more
distant gene has been reported earlier (Wang et al. 2009). Taken together, our results
indicate that a much higher number of genes are androgen regulated in Rv1 cells compared
to R1 cells. However, of the androgen-regulated genes in RV1 cells, only a few are
regulated directly by AR, whereas in R1 cells, almost 50% of the genes that are androgen
regulated resulted from direct AR transcriptional activity.

IPA analysis showed that the biological functions most prominently associated with these 53
genes in RV1 cells were transcriptional regulation, cell cycle, and metabolic process (Fig.
5C), whereas the major biological functions associated with the 32 genes identified in R1
cells are transcriptional regulation and metabolic process (Fig. 5C); hence, transcriptional
regulation and metabolic process are biological functions, which are AR regulated in both
cell lines, whereas cell cycle regulation is apparent in Rv1 cells. Therefore, these results
support our earlier assertion that the AR regulated multiple common pathways in R1 and
Rv1 cells, but that the AR has additional roles in Rv1 cells. The AR effect on gene
expression in Rv1 cells is more extensive; however, the effect of the AR on majority of
androgen-regulated genes in R1 is through direct transcriptional activity, whereas the effect
of the AR on the majority of androgen-regulated genes in Rv1 cells is indirect.
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Identification of common genes that are androgen regulated by direct AR transcriptional
activity in both R1 and Rv1 cells

A comparison of R1 and Rv1 cells revealed that the majority of the AR-bound sites near the
differentially regulated genes were common. However, only two closest genes (CCAAT/
enhancer binding protein δ (CEBPD) and arylamine NAT1) adjacent to the common AR-
binding sites in both R1 and Rv1 cells showed correlated transcriptional regulation (fold
change 1.5 and P<0.05) in both lines. Claudin 4 (CLDN4) was androgen regulated in both
cell lines, and in both lines, AR binding was detected, but the AR sites were distinct. This
argues that only a subset of AR chromosomal-binding sites exhibit transcriptional
regulation. Of these three common AR direct targets, CEBPD and NAT1 have been reported
to be androgen-responsive genes (Yang et al. 2001, Butcher et al. 2007), and CLDN4 has
been reported to be deregulated in both primary and metastatic prostate cancer (Landers et
al. 2008).

Previous studies from other laboratories showed that other transcription factors collaborate
with the AR to induce gene regulation (Wang et al. 2007, 2009, Jia et al. 2008, Lin et al.
2009). Considering that other transcription factors might play a collaborative role in AR
function, we used a transcription element search system (TESS) to screen for motifs that
most frequently co-existing with AR-binding motifs present in the above differentially
regulated genes. TESS identifies transcription factor motifs using site or consensus strings
and positional weight matrices from the TRANSFAC, JASPAR, IMD, and the CBIL-
GibbsMat database (www.cbil.upenn.edu/tess). Using these databases, we found that the
transcription factor motifs that most frequently co-exist with AR-binding motifs included
GRE, GATA-binding protein (GATA), Sp-1, and forkhead box J2 (FoxJ2) in both R1 and
Rv1 cells (not shown). Significantly, previous studies identified GATA- and FoxA1-binding
site near AR-binding site (Wang et al. 2007, Lin et al. 2009).

Our analysis of direct AR target genes in R1 cells revealed that ~25% of genes (seven genes
– NAT1, NKX3.1, CEBPD, HEY, POP1, PHF20L1, and NDRG1) mapped to chromosome
8 (Fig. 6A), and all were positively regulated by androgen. Hey is one of the primary targets
of the Delta-Notch signaling pathway and functions primarily as transcriptional repressors
(Fischer & Gessler 2007). Furthermore, one of the AR sites has a single half ARE (POP1),
whereas all of the other sites have two or three half ARE sites separated by between 40 and
several thousand nucleotides. In Rv1 cells, 15% of the genes (eight genes – NAT1,
CHRNA2, CEBPD, RB1CC1, ZBTB10, PLEKHF2,LAPTM4B, andMTDH) mapped to
chromosome 8. Seven were positively regulated by androgen, whereas one was repressed
(CHRNA2). Five of the eight AR-binding sites (NAT1, CHRNA2, CEBPD, RB1CC1, and
PLEKHF2) contained at least one ARE half-site. Two of the genes were commonly
regulated in both cell lines – NAT1 and CEBDP, whereas the others were not. The high
percentage of direct AR target genes on one chromosome indicates that chromosome 8 is
exceptionally rich in AR-regulated genes.

Discussion
Outwardly, the morphology and phenotypical characteristics of the R1 and Rv1 cells appear
very similar. Both are derived from CWR22-relapsed tumors, are not responsive to the anti-
androgen Casodex, and express a LMW-AR that is ligand independent. Both cell lines have
the same chromosomal translocations and harbor the same AR and p53 mutations (van
Bokhoven et al. 2003), indicating they were derived from a common progenitor. However,
the extensive difference in gene expression of R1 and Rv1 cells strongly argues that
although they are derived from a common progenitor, at the molecular levels, they are very
different. This progenitor cell must have had enough plasticity to give rise to cells with
distinct molecular phenotypes. We hypothesize that the initial parent xenograft is composed
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of several distinct cell types and that the CRCaP cells constitute a small component of
morphologically indistinct cells that expanded after the selective pressure of androgen
ablation. The current study indicated that even tumors that appear to be homogenous may be
composed of several cell types, thus further complicating gene expression analysis.

Most CRCaP tumors and cells continue to express the AR, and the AR continues to regulate
gene expression. It was, however, unclear whether in these cells the AR is regulating a
distinct set of genes. Previous studies have characterized the gene expression profile of
LNCaP-derived CRCaP cells. One study found that the expression of several genes
associated with mitosis was AR regulated in the LNCaP-abl cells (Wang et al. 2009),
whereas an analysis of C4-2B cells identified a different cohort of DHT-regulated transcripts
(Jia et al. 2008). These studies revealed that AR gene regulation patterns change with
disease progression; however, the results from the two studies revealed significant
differences in AR-mediated gene regulation in the two LNCaP-derived cell lines. This
difference could have arisen because of differences in experimental conditions, or could
have been due to inherent alterations in AR-driven programs in the two cell lines. To
distinguish between these two possibilities, we analyzed AR-driven gene expression in two
related but distinctive cell lines arising from a common progenitor.

The current analysis of androgen-regulated gene transcription in R1 and Rv1 cells revealed
that AR-regulated gene expression patterns are very different between these two related cell
lines. In R1 cells, the Notch signaling pathway is the most identifiable DHT-regulated
pathway. In Rv1 cells, the Notch pathway is not DHT regulated, and the most prominent
DHT-regulated pathway includes aminoacyl-tRNA biogenesis, DNA damage response,
axonal guidance signaling, and JAK/Stat signaling. However, an analysis of direct AR target
genes in R1 (9 mappable genes by IPA analysis) and Rv1 (11 mappable genes by IPA
analysis) cells revealed that the most common function by far involved regulation of
transcription, whereas the second most common functions were regulation of the cell cycle
or metabolism. Therefore, even though the AR uses different tools for gene regulation in the
two cell lines, it performs the same function in both, pointing to the versatility in the
regulation of cell function. Our results indicate that in the two cell lines, the AR achieves the
same goal using different pathways. This may be the reason why so many cancer drugs fail –
each drug targets a single pathway, but as soon as one lesion is affected by one drug, other
pathways that can bypass the drug target arise.

The most common function of DHT-regulated transcripts involves regulation of
transcription. In R1, this includes DHT-mediated regulation of two downstream effectors of
Notch signaling, the Hes-1 and Hey-1 transcriptional repressors. However, the DHT-
mediated regulation of the two repressors is different. Hes1 expression is DHT repressed,
whereas Hey1 levels are higher in R1 cells in the absence of androgen. Hey1 levels are even
further elevated after DHT treatment. Moreover, Hey1 has been shown to be an AR co-
repressor (Belandia et al. 2005); therefore, transactivation of Hey1 may serve as a negative
feedback loop to limit AR-regulated transcription. HES1 expression is DHT transactivated
in Rv1 and in C4-2B cells (Jia et al. 2008). HES1, but not HEY1, knockout mice have
defects in neurulation and have premature differentiation of neuronal precursors, suggesting
that HES1 has a more prominent role in cells that have a neuronal lineage. It is notable that
Rv1 and LNCaP cells have neuroendocrine characteristics. An interaction of HES1 with the
AR has not been reported, and the different levels of these two transcriptional co-regulators
may be in part responsible for the differences in AR-dependent transcription in the two cell
lines.

Mitotic genes identified as DHT targets in LNCaPabl (Wang et al. 2009) were not DHT
regulated in R1 or Rv1 cells. However, five of the ten transcripts (CEBPD, KCNN2, NAT1,
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TSC22D1, and ZBTB16) commonly regulated by DHT in R1 and Rv1 cells were also DHT
regulated in C4-2B cells (Jia et al. 2008). A comparison of R1 and Rv1 DHT-regulated
genes with DHT-regulated transcripts in PC3 cells showed that CEBPD, TSC22D1, and
ACTG2 were commonly regulated (Lin et al. 2009). This indicates that CEBPD and
TSC22D1 are commonly regulated in four different CRCaP cell lines. A further analysis
found that NAT1, TSC22, and ZBTB16 (also know as PLZF) are DHT regulated in LNCaP
cells or in rat prostatic tissue (Nelson et al. 2002, Jiang & Wang 2004, Butcher et al. 2007).
Previous studies found that the CEBPD was androgen repressed in rat prostatic tissue, but
androgen activated in CWR22 cells (Yang et al. 2001). It is notable that CEBPD is
considered a tumor suppressor, since CEBPD silencing has been detected in cervical and
hepatocellular carcinomas and its overexpression is associated with a growth arrest (Ko et
al. 2008). The expression of CEBPD in CRCaP tumors has not been studied.

So far, the genome-wide studies of AR chromosomal binding have used the androgen-
dependant LNCaP cell line, CRCaP LNCaP-derived cell lines (Takayama et al. 2007, Wang
et al. 2007, Jia et al. 2008), and PC3 cells transiently expressing the AR (Lin et al. 2009).
Studies of AR binding in PC3 cells transiently transfected with AR used ChIP followed by
sequencing (ChIP-seq) to identify AR-binding sites associated with DHT-dependent gene
regulation. The AR-binding sites had varying distances from the TSS but were preferentially
located near the TSS of genes that were androgen regulated; 22.4% of the AR sites mapped
were within 2 kb of the TSS and ~40% were within 12 kb of the TSS. The current study
used the human promoter array with coverage of ~10 kb upstream/downstream of TSS, thus
scanned regions proximal to the TSS of known genes throughout the genome. Therefore,
although our analysis could not identify all AR-binding sites, it focused on known
transcripts throughout the genome. The majority of AR-binding sites were located more than
2 kb upstream of the TSS in both R1 and Rv1 cells, and more AR binding was detected in
Rv1 cells than in R1 cells. This correlates with our results that Rv1 cells have a greater
number of DHT-regulated transcripts than R1 cells. Most of the AR sites in R1 cells were
identical or similar to the sites in Rv1 cells. Consistent with previous findings, the majority
of the AR-binding sites did not contain the canonical AREs. However, a significant number
of the sites contained an AR half-site motif, and in many cases had more than one half-
motif. Therefore, all of the studies so far indicate that the AR half-site is associated with AR
binding, where the canonical ARE is rare. As reported earlier, a number of AR binding sites
have either a canonical or half-site ARE. The AR may bind directly previously unidentified
sequences as has been proposed by Lin et al. (2009), the AR may be binding to sites that
deviate from the consensus ARE sequence, but binding is stabilized by adjacent co-
regulator(s) or, alternatively, the AR may be binding indirectly by interacting with another
DNA-binding protein.

An analysis of motifs co-present with the AR identified several transcription factors
including GRE, GATA, Sp-1, and FoxJ2 in both R1 and Rv1. The GATA motif has been
identified by all previous AR-binding studies (Wang et al. 2007, Jia et al. 2008, Lin et al.
2009). Sp1 is a very common transcription factor-binding site found in many promoter
sequences. Moreover, previous studies have shown that Sp1 and the AR interact to promote
transcription (Lu et al. 2000); therefore, the presence of Sp1 may serve to enhance AR-
dependent gene expression. Studies by Jia et al. (2008) also found that GRE sites were co-
present with AR-binding sites. The FoxJ2, a member of the forkhead family of transcription
factors, has a core sequence that is common to other family members, including FoxA1.
Therefore, all of the AR-binding studies indicate that GATA and forkhead transcription
factor-binding sites are co-present with AR-binding sites. Previous studies have suggested
that the forkhead and GATA proteins may act as ‘pioneers’ factors that are capable of
initiating chromatin opening (Cirillo et al. 2002). GATA proteins have been proposed to
play major roles in endocrine function and disease (Viger et al. 2008). Forkhead
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transcription factors may bind to chromatin before the recruitment of subsequent
transcription factors such as AR. The binding of forkhead factors appears to be dependent on
histone H3K4 methylation (Lupien et al. 2008). The importance of the forkhead factor in
AR-dependent gene expression is further substantiated by a recent report that a single
nucleotide polymorphism that is associated with an increased prostate cancer risk resides in
a FoxA1 site, and this polymorphism facilitates stronger androgen responsiveness (Jia et al.
2009). The major role of these proteins may be to open the chromatin and allow AR binding,
rather than to specifically promote AR binding. Subsequent events, such as stabilizing AR/
DNA interaction and recruiting appropriate co-factors to regulate gene transcription, may
rely on additional factors.

A closer analysis of well-studied androgen-regulated genes identified AR binding to
sequences near the PSA and TMPRSS2 genes in DHT-treated Rv1 cells, but not in DHT-
treated R1 cells. However, DHT treatment of Rv1 cells did not transactivate transcription of
either gene. AR binding to the 3′-UTR of the NKX3.1 gene was detected in DHT-treated R1
and Rv1 cells. A recent report showed that androgen-responsive element of this gene resides
in the 3′-UTR (Thomas et al. 2010). AR binding to this site was more extensive in Rv1 than
in R1 cells, yet NKX3.1 transcription was transactivated only in R1 cells. This indicates that
although AR binding is required, it is not sufficient for AR androgen-dependent gene
expression and that increased binding does not ensure increased gene expression.

By coupling gene expression profile with ChIP-on-chip analysis, we found that 42% of the
differentially expressed transcripts identified in R1 contained AR-binding sites, indicating
that they are most likely direct AR targets. Some of the AR-binding sites were actually in
adjacent genes that were not AR regulated. In contrast, only 6% of the transcripts identified
in Rv1 cells had AR-binding sites. Previous studies have shown that AR-binding sites can be
far away from transcription start sites (Takayama et al. 2007, Wang et al. 2007). The
coverage of the promoter array used for this study is limited within ~10 kb of transcription
start sites. Therefore, the actual direct AR targets in R1 and Rv1 cells are most likely higher
than what we found. Although the number of DHT-regulated genes was much higher in Rv1
cells, the number of genes that are DHT regulated and are associated with an AR-binding
site is more comparable in R1 and Rv1 cells. This suggests that AR binding or AR/DNA
complex stability in Rv1 cells is greater or that a large number of the DHT-regulated
transcripts in Rv1 cells are indirect AR targets. Several mechanisms may account for this
discrepancy. The presence of a 39aa insertion mutation in the Rv1 AR that results in the
duplication of the DNA domain may facilitate DNA binding, or the interactions with other
DNA-binding protein. However, previous studies have found that the 39aa insertion does
not increase the sensitivity of the receptor to ligand (Tepper et al. 2002). The different
complement of AR co-regulators in Rv1 and R1 cells is likely to govern AR binding and
AR-dependent gene regulation. Since there are extensive differences in the expression of AR
co-regulators in the two cell lines, further analysis will be required to identify the role of the
specific co-regulators in regulating transcription of specific genes.

In summary, our study of androgen-responsive CRCaP cells lines that were derived from a
common progenitor exhibits similar AR-binding profiles. The GATA, GRE, Foxj2, and Sp1-
binding motifs are co-present with AR-binding sites in both cell lines. However, the DHT-
dependent gene expression profile of the two cell lines is completely different. The AR is
regulating a different program in the two cell lines. The combined ChIP-on-chip with
microarray analysis also revealed that only a subset of genes adjacent to AR-binding sites
showed differential expression in response to DHT arguing that 1) binding of AR to the
vicinity of these genes is insufficient for transcriptional regulation in certain cell context or
under the specific experimental conditions applied; or 2) the binding sites are indeed
nonfunctional. Similarly, other groups have reported that only a subset of AR-binding sites
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in LNCaP cells (Wang et al. 2007, Jia et al. 2008, Lin et al. 2009) or ER in MCF-7 cells
(Carroll et al. 2006) are functional, as there are many more binding sites identified than
differentially regulated genes. It is apparent that the presence of a half-ARE or AR binding
is not sufficient for androgen-dependent gene regulation, and AR co-regulators are
important in controlling AR-mediated transcription. As more studies of AR binding coupled
with expression microarray analysis are conducted in different cellular contexts, the rules
that govern AR-dependent gene expression in specific cellular context will become more
apparent.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Differences in gene expression of R1 and Rv1 cells in the presence and absence of a DHT.
(A) Venn diagram of the number of genes differentially expressed in R1 and Rv1 cells in
castrate levels of androgen and after a 2 h treatment with 10 nM DHT. The lower venn
diagram shows the cohort of genes differentially expressed in the absence and presence of
androgen. (B) Western blot analysis verification of several differentially expressed proteins
that were identified by the expression array study. (C) The most differentially expressed
transcripts in R1 and Rv1 cells treated with 10 nM DHT. (D) The IPA was used to identify
the pathways that differed in the two cell lines in the presence and absence of androgen. The
Fisher’s exact test was used to determine the probability that the association between the
dataset and a given pathway is due to chance alone. The most significant pathway
differences in the presence and absence of androgen involved metabolic pathways.

Chen et al. Page 18

Endocr Relat Cancer. Author manuscript; available in PMC 2013 January 08.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 2.
Differences in AR-dependent gene expression of R1 and Rv1 cells. (A) Venn diagram of
AR-regulated transcripts in R1 and Rv1 cells. (B) Transcripts that are commonly regulated
in the two cell lines. Note that although HES1 is androgen regulated in both cell lines, HES1
expression is elevated in Rv1 cells, but repressed in R1 cells. (C) Real-time PCR verification
of several AR-regulated transcripts. (D) Time course of DHT-inducible gene expression in
R1 and Rv1 cells.
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Figure 3.
Comparison of biological networks, pathways, and function of R1 and Rv1 DHT-regulated
transcripts. (A) The most prominent DHT-regulated network in R1 and Rv1 cells. A bar
above the gene denotes transcripts that are DHT transactivated, and an underscore denotes
transcripts that are DHT repressed. Several components of the Notch signaling pathway are
DHT regulated in R1 cells, whereas components of cell cycle are DHT regulated in Rv1
cells. (B) The most common functions of transcripts regulated by DHT in R1 and Rv1 cells.
(C) The most common DHT-regulated canonical pathways in R1 and Rv1 cells.
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Figure 4.
Distribution of AR-binding sites in R1 and Rv1 cells. (A) The number of AR-binding sites
detected on individual chromosomes after a 2 h DHT treatment is lower in R1 than in Rv1
cells. (B) More detailed mapping of AR binding on chromosome 1 in R1 and Rv1 cells. Few
AR-binding sites are unique in R1 cells. (C) Precise location of AR binding to PSA,
NKX3.1, and TMPRSS2 genes in R1 and Rv1 cells. AR bound to common sequences of the
NKX3.1 gene, but AR binding to the PSA and TMPRSS2 genes was detected only in Rv1
cells. (D) ChIP analysis of AR binding to sites in the TMPRSS2 gene in Rv1 cells. The
upper panel notes the location of the promoter sequences. ARE V contains an AR-binding
site ~14 kb upstream of the TMPRSS2 TSS. Sequences in the ZNF333 promoter served as a
negative control.
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Figure 5.
Characteristics of AR-binding sites and direct AR transcriptional target genes. (A) The half
ARE is present in many AR-binding sites, whereas the canonical ARE is not. (B) AR
binding was more prevalent in intronic sequences that are present in the 5′-UTR. (C) The
most significant function of transcripts that are near an AR-binding site and are androgen
regulated in R1 and Rv1 is transcriptional regulation.
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Figure 6.
AR-binding pattern on chromosome 8 in R1 and Rv1 cells. (A) AR-binding sites in R1 and
Rv1 cells detected after DHT addition. (B) AR sites associated with transcripts that are AR
regulated in R1 and Rv1 cells. Most androgen-responsive genes are transactivated, since
only the expression of CHRNA2 in Rv1 cells is repressed.
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Dual Blockade Of PKA And NFκB Inhibits H2 Relaxin-Mediated
Castrate Resistant Growth Of Prostate Cancer Sublines And
Induces Apoptosis
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Abstract
We previously demonstrated H2 relaxin (RLN2) facilitates castrate resistant (CR) growth of
prostate cancer (CaP) cells through PI3K/Akt/β-catenin-mediated activation of the androgen
receptor (AR) pathway. As inhibition of this pathway caused only ~50% reduction in CR growth,
the goal of the current study was to identify additional RLN2-activated pathways that contribute to
CR growth. Next-generation sequencing (NGS)-based transcriptome and gene ontology (GO)
analyses comparing LNCaP stably transfected with RLN2 (LNCaP-RLN2) versus LNCaP-vector
identified differential expression of genes associated with cell proliferation (12.7% of
differentially expressed genes), including genes associated with the cAMP/PKA and NFκB
pathways. Subsequent molecular analyses confirmed that the cAMP/PKA and NFκB pathways
play a role in facilitating H2 relaxin-mediated CR growth of CaP cells. Inhibition of PKA
attenuated RLN2-mediated AR activity, inhibited proliferation and caused a small but significant
increase in apoptosis. Combined inhibition of the PKA and NFκB signaling pathways via
inhibition of PKA and Akt induced significant apoptosis and dramatically reduced clonogenic
potential, outperforming docetaxel, the standard of care treatment for CR CaP.
Immunohistochemical (IHC) analysis of tissue microarrays (TMA) in combination with
multispectral quantitative imaging comparing RLN2 levels in patients with BPH, PIN and CaP
determined that RLN2 is significantly upregulated in CaP vs BPH (p=0.002). The combined data
indicate RLN2 overexpression is frequent in CaP patients and provides a growth advantage to CaP
cells. A near complete inhibition of RLN2-induced CR growth can be achieved by simultaneous
blockade of both pathways.
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Introduction
Androgen ablation is the standard therapy for disseminated prostate cancer (CaP), however,
patients develop resistance to this treatment regimen within 18–24 months [13]. Patients
with castration resistant (CR) CaP are offered limited options, usually chemotherapy
treatment with docetaxel, and more recently, the cancer vaccine “Provenge”, whose effect is
to increase patient survival time by a median of 3 or 4 months, respectively [18, 42, 30]. The
identification and elucidation of pathways that promote CR CaP is critical for the
development of successful new therapies to treat this disease.

H2 relaxin (RLN2) is a peptide hormone that is a member of the insulin-like superfamily.
Several groups, including ours, have demonstrated that H2 relaxin plays a role in prostate
carcinogenesis. Overexpression of RLN2 can induce tumor growth in a mouse model of CaP
[37], and stimulation with RLN2 increases cell proliferation, invasiveness, and adhesion of
CaP cells in vitro [7, 8]. Inhibition of RLN2 using an inhibitory analog [38], or suppression
of its receptor LGR7 (also called RXFP1) [9] blocks RLN2-mediated CaP growth. Studies
in human CaP have demonstrated that RLN2 expression is increased in radical
prostatectomy specimens after 6 months of androgen ablation and in CR CaP, and that
expression is highest in bone metastases [44]. Our group has demonstrated RLN2 mediates
CR growth of CaP cells by a mechanism that involves PI3K-dependent co-translocation of
the androgen receptor (AR) and β-catenin to the nucleus and transactivation of the PSA
promoter [21, 46]. Based on our studies, others have also shown that RLN2-induced β-
catenin stabilization is mediated by ProtocadherinY [43]. While it is clear β-catenin plays an
important role in mediating the effects of RLN2 in CaP cells, inhibition of β-catenin
stabilization or of Akt activation only partially inhibits RLN2-mediated growth of LNCaP,
while blocking the RLN2 receptor, RXFP1, causes near complete inhibition. Thus the goal
of the current study was to further elucidate the mechanism(s) by which RLN2 contributes
to AR activation and CaP progression.

In the current study, we confirm that H2 relaxin expression is elevated in CaP patient
specimens and in addition demonstrate that RLN2 is expressed at low levels in BPH relative
to CaP specimens (p=0.002). This finding has not previously been reported. We have used
next-generation sequencing (NGS)-based transcriptome and gene ontology (GO) analyses to
identify additional downstream effectors of RLN2 in CaP cells. These data, combined with
molecular and inhibitor studies, have identified the NF-κB and protein kinase A (PKA)
signaling pathways as being activated by RLN2. Most importantly, when both pathways
were simultaneously attenuated by the use of the PKA inhibitor H-89 as well as perifosine,
which is an upstream inhibitor of NF-κB, RLN2-induced cell growth and survival were
effectively down-regulated.

Materials and Methods
Cell Lines and Culture

LNCaP, PC-3 and Rwpe1 cells were purchased from the American Type Culture Collection
(ATCC, Manassas, VA). CWR22Rv1 and PC346C (an androgen dependent cell line [22])
were kindly provided to us by Drs. Hsing-Jien Kung and Van Weerden respectively. All cell
lines were maintained as previously described [46].
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Generation of Stable Cell Lines
The RLN2 LNCaP sublines (LNCaP-rlx3 and LNCaP-rlx5) were generated in house.
Briefly, the RLN2 allele was cloned into the pCR3.1 vector (Invitrogen, Carlsbad, CA)
downstream of the cytomegalovirus promoter. Plasmids containing the RLN2 allele or
empty pCR3.1 plasmid (LNCaP-vector) were stably transfected into LNCaP cells using
Effectene (Qiagen, Valencia, CA). After 48 h, cells were grown under G418 (500 µg/ml)
selection for 2–3 weeks until isolated colonies appeared. Colonies were selected and
expanded in 24-well plates before being transferred to culture flasks.

Reagents
Antibodies: Total and phospho IκB-alpha, and Bcl-xL (Cell Signaling Technology, Beverly,
MA), B-actin (Sigma-Aldrich Corporation, St. Louis, MO), NFκB (Santa Cruz
BioTechnologies, Santa Cruz, CA), H2 relaxin (ALPCO, Salem, NH). Inhibitors: IKK
inhibitor (a 14-amino acid peptide corresponding to the active IκB phosphorylation
recognition sequence fused to the hydrophobic region of the fibroblast growth factor signal
peptide, Calbiochem, Gibbstown, NJ), PKA inhibitors, H89 and PKI, (Calbiochem,
Gibbstown, NJ).

SiRNA
Pre-validated siRNA specific for beta-catenin was purchased from Dharmacon (Lafayette,
CO). To achieve knockdown, cells were transfected with either 20nM or 50nM siRNA using
Lipofectamine 2000 as previously described [21].

Clonogenic Assay
Single cells (12,000) were seeded into 60-mm culture dishes containing FBS media on day 0
and allowed to attach for 24 h at 37°C. After 24 hours, FBS media was replaced with
charcoal stripped serum (CSS) media and cultured for 14 days. Colonies were fixed in 1.0%
crystal violet and 0.5% glacial acetic acid in ethanol, and visible colonies containing
approximately 50 or more cells were counted.

Flow Cytometry
Cell cycle analysis: Analyses were performed as previously described [45]. Apoptosis
analysis: The TACS annexin V-FITC kit (R&D Systems) was used to quantitate both early
and late apoptosis. The analysis was performed using a Coulter Epics XL flow cytometer
(Beckman Coulter), compensation was performed using FlowJo software (FlowJo, Ashland,
OR). The assay was performed in accordance with the protocol described by the
manufacturer. All samples were run in triplicate, all experiments were performed at least 3
times.

Immunoblot Analysis
Analyses were performed as previously described [46].

Cell culture IHC
Cells (50,000 per chamber) were seeded in chamber slides (BD Falcon, Two Oak Park, MA)
in FBS media and allowed to adhere for 24 hours. After 24 hours, FBS media was replaced
with CSS media. After 3 days, cells were washed with PBS (pH7.4) then fixed in ice-cold
methanol for 7 minutes. After further washing, cells were incubated with 0.5% BSA for 20
minutes prior to the NFκB antibody (see reagents section for details) being added at a
dilution of 1:250. After 60 minutes, cells were washed and then incubated with a FITC
labeled secondary antibody (Sigma-Aldrich), 1:500. Cells were again washed and then
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mounted using DAPI-containing mountant (Vector labs, Burlingame, CA). Staining was
visualized by fluorescence microscopy using an Olympus BX61 microscope equipped with
SlideBook digital imaging software.

cAMP and PKA kinase assays
cAMP; The cAMP Biotrak competitive enzyme immunoassay (Amersham-Pharmacia,
RPN225) was used to determine cAMP activity levels 10 minutes after treatment of parental
LNCaP with recombinant human (rh) H2 relaxin. Forskolin (Calbiochem) was used as a
positive control. LNCaP were serum starved for 24 hours prior to the addition of rh H2
relaxin or forskolin. The assay was performed in accordance with the Protocol 3 described
by the manufacturer. PKA; The PKA kinase activity assay (Stressgen, EKS-390A) was used
to determine PKA activity levels 5, 15 and 30 minutes after treatment of parental LNCaP
with rh H2 relaxin or rh H2 relaxin and H89. LNCaP were serum starved for 24 hours prior
to the addition of rh H2 relaxin or H89. The assay was performed in accordance with the
protocol described by the manufacturer. All samples were run in triplicate, all experiments
were performed at least 3 times.

NFκB DNA binding assay
The NFκB p65 EZ-TFA Transcription Factor assay (Millipore) was used to determine
whether H2 relaxin is able to mediate binding of NFκB to its DNA consensus sequence.
This assay was performed using protein extracted from both LNCaP-vector treated with
100ng/ml rh H2 relaxin for 60 minutes and from the LNCaP-RLN2/C1 and LNCaP-RLN2/
C2 sublines cultured in CSS media. The Whole Cell Extraction kit (Millipore) was used to
prepare the protein extracts used in this assay. The assay was performed in accordance with
the protocol described by the manufacturer. All samples were run in triplicate, all
experiments were performed at least 3 times.

Tissue microarray (TMA) and TMA IHC
The tissue microarrays were constructed using a Semi-Automated Tissue Arrayer,
TMAarrayer (Pathology Devices, Inc., Westminster, MD). Cores from 49 CaP (with known
grade), 15 PIN and 24 BPH patients (4 core replicates of each) were analyzed. The protocol
described by Thompson et al. was used to stain the CaP TMAs for H2 relaxin [44].

Multi-Spectral Imaging and Quantification of Staining
Images were obtained using an Olympus BX51 microscope with an attached Nuance CRI
multispectral imaging system version 2.10.0 (Cambridge Research and Instrumentation,
Woburn, MA). This imaging system is able to separate signals generated by different
chromatogens and thereby improve quantitative accuracy (review; [20]). Isolation of
background tissue and hematoxylin wavelengths was acheived by spectral analysis of
hematoxylin only stained cores and slide mounted pure liquid hematoxylin. The 3,3'-
Diaminobenzidine (DAB) wavelength was isolated by positive control core samples and
slide mounted pure liquid DAB. Multispectral analysis was then used to assess the ratio of
DAB level to TMA core area for each individual TMA core. Images were converted to a
false fluorescence format.

RNA extraction and qRT-PCR
RNA extraction methods have previously been described [46]. RLN2 and GAPDH
expression was assessed using pre-designed TaqMan primer/probes sets in combination with
the TaqMan Reverse Transcription and Universal PCR Master Mix kits as per
manufacturer’s protocol (Applied Biosystems, Foster City, CA). Samples were run on an
ABI 7900HT and data analyzed using the corresponding software. Triplicate samples were
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run for each experimental group. Care was taken to ensure that the resulting Ct values for
each group were within 0.5 Ct of each other.

Cell proliferation assay
Described by Vinall et al. [46].

PSA ELISA
LNCaP were seeded into 24 well plates (50,000 cells/well) in FBS media and allowed to
attach for 24 hours. After 24 hours the FBS media was replaced with CSS media and the
relevant inhibitors added (see reagents section for details. The level of PSA present in
culture supernatants was measured using a PSA ELISA kit (MEDICORP, Montre´al, Que
´bec, Canada) according to the manufacturer’s protocol. Absorbance was measured at OD
450 using a Benchmark Plus Microplate Spectrophotometer (Bio-Rad Labs, Hercules, CA).

Sequencing-based transcriptome analysis
Next-generation sequencing (NGS) was utilized for whole transcriptome analysis of
LNCaP-vector and the LNCaP-RLN2 and LNCaP-p53/R273H sublines. For this, RNA-
Sequencing (RNA-Seq) libraries were prepared from 1 ug total RNA using the mRNA-Seq
Sample Prep Kit (Illumina, San Diego, CA) according to the manufacturer’s protocol. The
libraries were then loaded on paired-end flow cells for cluster generation (cBot) followed by
sequencing (2 × 40-bp) with the Genome Analyzer IIx (Illumina, Inc.) using kitted reagents
(Illumina) and according to the manufacturer’s protocols [4]. Data and bioinformatics
analysis: Image processing, base calling, and quality scoring (Phred) were executed by SCS
2.6/RTA 1.6 software (Illumina, Inc.). CASAVA 1.7 (Illumina) was used for read alignment
to the reference human genome sequence (GRCh37/hg19) using ELANDv2 and allowing for
a maximum of two mismatches. Normalized transcript levels were quantified by calculation
for RPKM (reads per kilobase of exon model per million mapped reads) [25]. Comparison
analysis was performed in order to identify genes differentially expressed in the LNCaP-
RLN2 clones as compared to the LNCaP-vector control. For this, genes up- or down-
regulated in LNCaP-RLN2 were filtered based upon having RPKM values ≥25 (i.e.,
moderate expression) in either the LNCaP-RLN2 or LNCaP-vector cell lines, respectively,
exhibiting the same trend in regulation in both LNCaP-RLN2 clones, and having ≥1.5-fold
change in expression (RLN2/Vector). Subsequently, Gene Ontology (GO) analysis [2] was
performed in order to classify the genes according to biological process and molecular
function.

Statistical analysis
At least three independent experiments were completed for each analysis described in this
article. Data are shown as mean ± SD. Multiple group comparison was performed by one-
way ANOVA followed by the Scheffe procedure for comparison of means using STATA
software (College Station, TX). p < 0.05 was considered statistically significant (* signifies
p < 0.05).

Results
RLN2 is elevated in CaP patient specimens relative to benign prostatic hyperplasia (BPH)

To determine the significance of RLN2 in human prostate cancer (CaP) patients, we
conducted IHC analysis of 49 CaP, 15 PIN and 24 BPH specimens taken from patients with
primary CaP undergoing prostatectomy (for PIN and CaP specimens) or TURP (for BPH) as
initial treatment for the disease (Figure 1A). Note that RLN2 stained the epithelial cells
strongly while some staining could also be seen for the stromal cells. However, the nuclei
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did not stain for this peptide hormone at all, demonstrating the specificity of the staining.
Specifically, the staining level increased from BPH<PIN=CaP indicating the increased
accumulation of RLN2 during initiation of CaP. Quantification of staining using the Nuance
multi-spectral imaging system demonstrated that RLN2 expression is significantly higher in
CaP specimens relative to the BPH specimens (Figure 1B, 0.119+/−0.032 versus 0.95+/
−0.021, p=0.002), a finding that has not previously been reported. The increase of RLN2 in
CaP compared to BPH is of clinical relevance because in patients the serum levels of PSA
increase in both cases. Since RLN2 can be detected in the serum [37], this means that the
serum levels of this peptide could potentially be used as an independent marker of CaP as
opposed to BPH. Further studies are required to test this hypothesis. A significant difference
in RLN2 expression was not observed between the PIN and CaP specimens (p=0.475) and
RLN2 expression did not correlate with Gleason grade (Figure 1C). Specimens from CaP
patients with CR disease were not assessed due to lack of availability, however, other
studies have observed very high H2 relaxin expression levels in bone metastases specimens
from CR CaP patients [44]. Quantitative RT-PCR (qRT-PCR) analysis and RLN2 IHC was
used to assess relative expression of RLN2 in “normal-like” RWPE-1 and multiple CaP cell
lines (Figure 1D, E). Note that triplicate samples were run for each experimental group and
the resulting Ct values for each group were within 0.5 Ct of each other. Excluding PC3, the
aggressive tumors C4-2 and CWR22Rv1 expressed significantly higher levels of RLN2
compared to the RWPE-1 cells (p<0.05) derived from a normal human prostate and
compared to the PC-346C cells (p<0.05) derived from an androgen-dependent CaP thereby
supporting our hypothesis that RLN2 plays a role in progression to CR CaP.

Generation of LNCaP sublines that stably overexpress H2 relaxin
To understand the functional significance of increased RLN2 expression in CaP, we stably
transfected LNCaP with plasmid expressing the RLN2 gene. LNCaP are an androgen
dependent CaP cell line, and are the cell line that was used for all our previous RLN2-related
studies [21, 46]. Two clones (LNCaP-RLN2/C1 and LNCaP-RLN2/C2) were chosen for
further investigation of the role played by RLN2 in CaP. These sublines expressed ~20-fold
higher levels of RLN2 mRNA relative to LNCaP stably transfected with the vector control
(LNCaP-vector) (Figure 2A), p<0.005 for both LNCaP-RLN2/C1 and /C2 versus LNCaP-
vector. LNCaP-R273H, an androgen independent LNCaP subline that stably expresses a
p53R273H mutant allele, expressed the highest level of RLN2 mRNA, ~60-fold higher than
the androgen dependent LNCaP-vector subline (p<0.0005), and was used as a positive
control. Note that triplicate samples were run for each experimental group and the resulting
Ct values for each group were within 0.5 Ct of each other. We have previously demonstrated
that the p53R273H mutant, which is a hotspot mutation in CaP patients, can bind to the RLN2
promoter and drive RLN2 expression [44]. In the present study, the increase in RLN2
expression was observed at both the mRNA level (as determined by qRT-PCR) and at the
protein level (as determined by immunocytochemistry in the same cell lines) (Figure 2B). It
is noteworthy that the LNCaP-RLN2 sublines appear to be good models of CR CaP as they
behave similarly to the CaP cells found in CR CaP patient tumors; they are able to grow in
the absence of androgens and express normal levels of AR but high levels of PSA even in
the absence of androgen, i.e. the AR pathway can be activated in a ligand independent
manner.

Identification of downstream effectors of RLN2 using Next-Generation Sequencing (NGS)
analysis

To help identify downstream effectors of RLN2 and to further elucidate the role played by
RLN2 in CaP, we conducted next-generation DNA sequencing (NGS) analysis (i.e. RNA-
Seq) followed by GO analysis using LNCaP-RLN2/C1 and LNCaP-RLN2/C2 vs LNCaP-
vector sublines. Comparison of gene sequence analysis (Figure 2C) revealed 12.7% of genes
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with >1.5-fold increased expression in the LNCaP-RLN2 sublines relative to the LNCaP-
vector were related to proliferation. Other key processes associated with increased RLN2
expression were transcription (18.6%), metabolism (16.4%), signal transduction (11.7%)
and proteolysis (6.2%) (Figure 2C). As expected, NGS analysis determined that the LNCaP-
RLN2 sublines express high levels of RLN2 compared to the LNCaP-vector subline (350-
fold and 582-fold increased expression in the LNCaP-RLN2/C1 and –RLN2/C2 sublines
respectively). Table 1 lists the top 10 differentially expressed genes in the RLN2 versus
vector control sublines. It is of note that H1 relaxin (RLN1) is also expressed at high levels
in the RLN2 sublines. While the RLN1 isoform has been shown to be expressed in the
prostate at the mRNA level, only the RLN2 is translated and secreted [16, 35, 31, 12, 17, 47]
indicating that upregulation of RLN1 expression in the RLN2 sublines likely has no
functional consequence. Expression of PSA (KLK3, 8-fold and 22-fold increased expression
in LNCaP-RLN2/C1 and –RLN2/C2 respectively), a downstream target of the AR, and
Cyclin D1 (CCND1, 1.44-fold and 1.2-fold increased expression), an important cell cycle
regulator, was increased in the RLN2 sublines. Expression of TRAF1 and C-IAP1, which
can be driven by NFκB, were also overexpressed (TRAF1, 2.01-fold and 3.08-fold increased
expression, C-IAP1, 1.47-fold and 1.5-fold increased expression) (Table 1). Both of these
molecules have been shown to promote cell survival.

To verify the observations made with the NGS/GO analysis, we demonstrated that stable
expression of RLN2 increased PSA levels, but not AR expression, in LNCaP cells,
confirming that RLN2 affects AR transcriptional activity but not expression (Figure 2D).
These results thereby validate the use of these clones as a model for determining RLN2
function in CaP. Increased expression of RLN2 has been observed during neuroendocrine
differentiation (NED) of CaP cells [10], a process that is associated with the development of
CR CaP in CaP patients [48]. Our data also indicate that H2 relaxin is associated with NED,
and thereby further support a role for H2 relaxin in progression to CR CaP. The LNCaP-
RLN2/C1 and –RLN2/C2 sublines express increased levels of NSE and decreased levels of
NEP compared to LNCaP-vector (Figure 2C). Neuron specific enolase (NSE) is a key
marker of NED (review; [33]) and increased expression is associated with CaP progression
[19]. Neural endopeptidase (NEP) is an enzyme that is expressed at high levels by normal
CaP cells and is responsible for degrading neuropeptides such as bombesin, ET-1 and
neurotensin that promote NED [26, 27]. NGS analysis revealed that mRNA levels of NSE
and NEP were also altered in the LNCaP-RLN2 sublines, 9.532-fold and 18.796-fold
increase in NSE in LNCaP-RLN2/C1 and –RLN2/C2 respectively, and a 2.544-fold and
1.668-fold decrease in NEP expression. Since cyclin D1 and several survival-related genes
appeared to be upregulated in H2-relaxin overexpressing cells (Table 1), we determined
whether RLN2 overexpression stimulated cell numbers. MTT assay verified that RLN2
overexpressing sublines have a significantly increased rate of cell growth in culture medium
containing charcoal stripped serum (containing castrate levels of androgens) compared to
vector transfected LNCaP cells (Figure 2E, statistical analysis compared the day 5 data for
each subline and revealed a significant difference between the LNCaP-vector compared to
all LNCaP-RLN2/C1 and /C2 as well as LNCaP-R273H, p<0.005). These observations are
supported by our previous observations indicating ligand independent activation of the AR
by RLN2 [46]. It should be noted that increased AR activity and increase cell proliferation
are not characteristics that associated with NED. Our data indicate that the LNCaP-RLN2
sublines have some NED-like characteristics they are clearly not NE cells. While this is
somewhat unusual, other groups have reported similar findings. For example, Snail induces
NSE and chromogranin A expression in LNCaP as well as mediating nuclear translocation
of AR and increased PSA expression [23].
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RLN2 promotes activation of an NF-κB-dependent cell survival pathway in LNCaP prostate
cancer cells

Since the NGS/GO analysis demonstrated an increase in TRAF1 and C-IAP1, which can be
driven by NFκB, in LNCaP sublines overexpressing RLN2, we also investigated the
activation of NFκB in these cells. The NF-κB subunits (p65, p50) remain bound to IκB-α in
the cytoplasm; upon stimulation, IκB-α is degraded and p65/p50 released, which then
translocates to the nucleus, and helps transcribe anti-apoptotic genes such as Bcl-xL [49]. To
determine whether the NFκB pathway is active in the RLN2 LNCaP sublines we assessed
IκB-α expression levels and phosphorylation state, NFκB localization, and binding of NFκB
to its DNA consensus sequence. IκB-α levels were significantly lower in the RLN2 LNCaP
sublines and IκB-α was phosphorylated indicating active degradation of IκB-α occurs in
these cells (Figure 3A). Increased expression of Bcl-xL, a downstream effector of NFκB,
was also observed in the LNCaP sublines overexpressing RLN2. Immunofluorescence
analysis of the LNCaP-rlx sublines revealed a significant increase in levels of nuclear NFκB
compared to LNCaP-vector (Figure 3B). LNCaP treated with TNF-α were used as a positive
control for nuclear staining. We also demonstrate that RLN2 is able to facilitate binding of
the NFκB p65 subunit to its DNA consensus sequence (Figure 3C). Significantly increased
binding was observed in both LNCaP-vector treated with recombinant human (rh) RLN2
and in the RLN2 LNCaP sublines relative to the LNCaP-vector only control (p<0.05 for all
3 LNCaP sublines compared to LNCaP-vector). These studies indicate that activation of NF-
κB is an important mediator of RLN2-mediated cell survival, and points to a mechanism by
which RLN2 may induce CR CaP.

It is known that RLN2 signals via the G protein-coupled receptor (GPCR) RXFP1 in CaP
cells. To determine whether the effects of RLN2 on NF-κB are mediated by RXFP1, we
investigated the effect of RXFP1 knockdown on NF-κB activity. RXFP1-mediated
activation of NF-κB could be inhibited using siRNA specific to RXFP1, the RLN2 receptor
(Figure 3D), indicating that the effects of RLN2 on NF-κB are indeed mediated by RXFP1.

RLN2 stimulates cAMP production and PKA activation independent of NF-κB
Activation of the H2 relaxin receptor RXFP1 by RLN2 activates the Gs class of G-proteins
(Gsα), resulting in cyclic AMP (cAMP) dependent PKA activation. Hence, we investigated
whether RLN2s effects are mediated by the PKA pathway in CaP cells. Previous studies
performed in other cell types have demonstrated that RLN2 causes activation of the
adenylate cyclase/AMP/PKA pathway [3, 15]. Our results validate these findings in CaP
cells. Treatment of parental LNCaP with 10, 50 and 100 ng/ml recombinant human RLN2
(rhRLN2) induced a significant increase (p<0.005), ~2.2 and 2.1-fold increase in cAMP
activity respectively compared to a 3.2-fold forskolin-induced response (positive control,
p<0.005) (Figure 4A). However, this increase was transient as shown by the decrease in
cAMP levels after 30 minutes of treatment. Similarly, treatment of parental LNCaP with 50
ng/ml RLN2 induced a ~3.3-fold increase in PKA activity (p<0.005) compared to a ~4.9-
fold forskolin-induced increase (positive control, p<0.005) (Figure 4B). On the other hand,
co-treatment with the PKA inhibitor H89 was able to completely inhibit this response to
RLN2 indicating the assay is PKA specific (Figure 4B). Inhibition of PKA using H89 also
caused a decrease in growth rate in both LNCaP-RLN2/C1 and –RLN2/C2 cultured in CSS
media - in LNCaP-RLN2/C1 a ~1.8-fold decrease in growth rate was observed (p<0.05), and
in LNCaP-RLN2/C2 a ~2.1-fold decrease ensued (Figure 4C, p<0.05). Inhibition of the
PKA pathway did not directly affect the activation of NF-κB (data not shown), indicating
that the PKA and the NF-κB pathways represent two different arms of the signaling
mechanisms downstream of RLN2 (Figure 4F). Inhibition of PKA had a more dramatic
effect on PSA expression (Figure 4D, E). Treatment with H89 caused a ~7-fold decrease in
PSA levels in LNCaP-RLN2/C1 (p<0.005) and a ~5.6-fold decrease in LNCaP-RLN2/C2
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(p<0.05). It is of note that the RLN2 LNCaP sublines express very high levels of PSA even
when cultured in castrate conditions. These data indicate that H2 relaxin induces the
activation of the AR signaling pathway and cell growth in a ligand independent manner by a
mechanism mediated by the activation of the cAMP/PKA pathway.

RLN2 overexpression confers resistance to treatment with therapeutic agents
Activation of the NF-κB pathway has been frequently associated with drug resistance. Since
RLN2 induces an increase in NF-κB activity, we investigated whether RLN2 expression is
also associated with resistance to various therapeutic drugs. Annexin V/propidium iodide
(PI) labeling followed by flow cytometry analysis to investigate the effects on apoptosis
showed that LNCaP cells transfected with vector only are highly susceptible to induction of
apoptosis by various inhibitors including LY294002 (PI3K inhibitor), perifosine (Akt
inhibitor), rapamycin (mTOR inhibitor) and docetaxel (anti-mitotic), whereas the LNCaP-
RLN2/C1 and –RLN2/C2 sublines are more resistant to treatment with the same drugs
(Figure 5A). Perifosine, rapamycin and docetaxel are all clinical agents. Perifosine has been
shown to reduce PSA levels in 20% CaP patients with recurrent disease [5]. Several on-
going clinical trials are testing the efficacy of rapamycin, and analogs of rapamycin alone
and in combination with other agents (review; [11]). Docetaxel is the standard of care
treatment for CaP patients with castrate resistant CaP (review; [39]). For LNCaP-vector,
treatment with vehicle control, LY294002, perifosine, rapamycin and docetaxel induced
~10, 38, 22, 37, 29% apoptosis respectively (Figure 5A), but was reduced in LNCaP-RLN2/
C1 (4, 20, 12, 13, 9%) and LNCaP-RLN2/C2 (1, 4, 10, 2, 1.5%). The levels of apoptosis in
LNCaP-vector were statistically higher compared to those observed in the LNCaP RLN2
sublines regardless of the type of drug treatment (p<0.05). These data indicate that there is a
link between RLN2 expression and chemoresistance in LNCaP cells, and provide rationale
for combining targeted inhibition of the RLN2 pathway with conventional chemotherapy.

Combined treatment with perifosine and a PKA inhibitor in CaP cells overexpressing RLN2
promotes apoptosis

IKK causes phosphorylation of IκB-α and subsequent proteasome-mediated degradation.
This degradation allows NFκB to translocate to the nucleus. Hence an IKK inhibitor would
inhibit the activation of the NF-κB pathway. Perifosine is known to be an Akt inhibitor;
however, it inhibits NF-κB activation to the same extent as the IKK inhibitor (Figure 5B).
As perifosine has been FDA approved and is currently in clinical trials for the treatment of
CaP, we investigated whether its effects on NF-κB would be of significance in the treatment
of patients who overexpress RLN2 and may have developed resistance to commonly used
drugs as a result. Hence we compared the effects of perifosine to that of the IKK inhibitor
(Figure 5B,C). Inhibition of IKK in the LNCaP-RLN2/C1 and –RLN2/C2 sublines did not
cause a significant increase in apoptosis or decrease in clonogenic potential (Figure 5C),
whereas perifosine alone caused only a moderate increase in apoptosis and decrease in
clonogenic potential (~2-fold increase and ~40% decrease respectively, Figure 5C).
Similarly, simultaneous blockade of IKK and Akt resulted in only a modest increase in
apoptosis and decrease in clonogenic potential compared to treatment with perifosine alone
(Figure 5C). We concluded that the lack of a clinically relevant increase with dual blockade
is due to the fact that both the IKK inhibitor and perifosine are acting on the same target,
either directly or indirectly (see scheme in Figure 4F) resulting in decreased binding of
NFκB to its DNA consensus sequence (Figure 5B).

We hypothesized that simultaneous blockade of pathways leading to PKA and NF-κB would
therefore be the only way to completely block signaling downstream of RLN2-induced cell
proliferation and survival (based on scheme in Figure 4F). H-89 alone had little or no effect
on the RLN2 overexpressing clones (Figure 5D); in addition, inhibition of either IKK or
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PKA caused only a moderate increase in the sensitivity of the RLN2 LNCaP sublines to
treatment with docetaxel (Figure 5C,D). However, dual inhibition of both arms of the
RLN2/RXFP1 pathway, with H-89 and perifosine, resulted in a larger and significant
increase in apoptosis compared to blockade of either individual pathway (~2–3-fold increase
in apoptosis compared to treatment with perifosine alone, ~15–18% apoptosis in the
combination treatment, Figure 5D), and compared to treatment with docetaxel (docetaxel
induced only ~2–3% apoptosis in the LNCaP-RLN2 sublines, Figure 5D). It is of note that
this dual inhibition induced a similar level of apoptosis in the LNCaP-RLN2 sublines (15–
18%) as docetaxel treatment in the LNCaP-vector subline (~25%). A significant decrease in
clonogenic potential was also observed (~20–30% decrease compared to treatment with
either the IKK inhibitor or perifosine alone (Figure 5D). Taken together, these results
indicate that overexpression of RLN2, which is commonly seen in tumors from patients with
CaP (Figure 1A), provides a growth advantage to CaP cells by causing activation of both the
NF-κB and PKA pathways. A near complete inhibition of this growth advantage can be
achieved only by simultaneous blockade of both pathways.

Discussion
The key finding of this study is that dual blockade of the PKA and NF-κB signaling
pathways inhibits H2 relaxin-mediated castrate resistant growth of prostate cancer cells.
This finding is of clinical relevance as our group and others have determined H2 relaxin is
expressed at increased levels in CaP patients and increases in CaP patients following
androgen ablation [44]. In addition, H2 relaxin has been demonstrated to play an important
role in mediating CR CaP growth [37, 7, 8, 21, 46]. Focus was placed on determining the
importance of the NF-κB and PKA pathways in facilitating H2 relaxin-mediated CR CaP
growth because 1. NGS analyses identified the differential expression of several PKA and
NF-κB-related genes in the LNCaP-RLN2 sublines, 2. These pathways are known to be
dysregulated in CaP and are linked to CaP progression, 3. Both pathways have been
demonstrated to be activated by H2 relaxin in other cell types.

Several groups have demonstrated a link between PKA activity and CaP progression
(review; [24]). PKA can mediate ligand-independent activation of AR and can therefore play
an important role in facilitating both androgen dependent and independent CaP. We have
previously demonstrated that H2 relaxin mediates PI3K-dependent co-translocation of the
androgen receptor (AR) and β-catenin to the nucleus and causes transactivation of the PSA
promoter [21, 46]. Our current data indicate that H2 relaxin can also activate AR via PKA.
H2 relaxin has been demonstrated to cause activation of PKA in other cell types [34, 14]. H2
relaxin signals via RXFP1 and 2, both of which are GPCRs that activate the Gs class of G-
proteins (Gsα) resulting in cAMP dependent PKA activation. Only RXFP1 is expressed in
CaP cells [44]. Our data demonstrate AR activity is very high in the LNCaP-RLN2 sublines
relative to LNCaP-vector, and that inhibition of PKA in the LNCaP-RLN2 sublines causes a
significant inhibition of this elevated AR activity. These data indicate that PKA-mediated
activation of AR is very important in a setting of elevated H2 relaxin expression.

NF-κB is a transcription factor which controls expression of genes associated with both cell
proliferation and apoptosis [36]. NF-κB has been demonstrated to be constitutively active in
several CaP cell lines and expressed at high levels in both PIN and CaP patient samples [1,
6, 19, 28, 40]. Usually NF-κB is sequestered in the cytoplasm through interaction of its p65
and p50 subunits with IkBα. Growth and survival stimuli induce phosphorylation of IkBα by
IKKα resulting in IkBα degradation, followed by p65 phosphorylation and NF-κB
translocation to the nucleus. We demonstrate that H2 relaxin is one of these growth stimuli;
forced overexpression of H2 relaxin caused IkBα degradation, nuclear translocation of NF-
κB and binding to the NF-κB DNA binding consensus sequence. Relaxin has previously
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been shown to activate NF-κB in other organs but this is the first time it has been shown to
activate NF-κB in CaP. While it has been shown that Akt phosphorylation such as that
induced by H2 relaxin can phosphorylate the p65 subunit of NF-κB [41], we show that H2
relaxin promotes NF-κB activity by degrading IkBα.

There is sound rationale to simultaneously block both the PKA and NF-κB pathways in CaP
cells that express elevated levels of H2 relaxin; both pathways are activated by H2 relaxin
yet mediate proliferation by different mechanisms, and both pathways have been shown to
be active in CaP patients. While inhibition of either pathway alone resulted in growth
inhibition and/or a small increase in apoptosis, it was only when both pathways were
inhibited simultaneously that a clinically relevant increase in apoptosis occurred. As
inhibition of both IKK and Akt caused similar levels of NF-κB inhibition, we chose to use
perifosine, an Akt inhibitor, for the drug combination studies as it has been FDA approved
and tried in CaP clinical trials. In contrast, common IKK inhibitors such as Bay11-7082
have not and are therefore of limited relevance for translational studies. It is possible that
our future studies may employ other inhibitors such as Bortezomib, a proteasome inhibitor
that is currently in clinical use and has been found to inhibit NF-κB [32]. Currently, PKA
inhibitors are not in clinical use in CaP patients. For future translational studies, we may
employ drugs that lower cAMP levels such as beta-blockers, which are in clinical use, to
determine if these have an effect on H2 relaxin signaling. It is of note that beta-blockers
have been found to have a small effect on prevention of CaP [29]. It is also of note that the
simultaneous blockade of the PKA and NF-κB pathways outperformed docetaxel, the
standard of care treatment for advanced CR CaP.

In summary, our data indicate that simultaneous inhibition of PKA and NF-κB would
prevent RLN2 mediated cell survival in CaP, and that in a setting of elevated RLN2
expression this combined inhibition is superior to docetaxel. The number of patients who
would potentially benefit from this study is likely to be extensive since a significant portion
of CaP patients overexpress RLN2.
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Figure 1. RLN2 expression is elevated in CaP patients
(A) Representative images from cores of BPH, PIN and CaP were obtained from patients
with BPH (who underwent TURP) or CaP (who underwent prostatectomy) with IRB consent
and assembled as a TMA. The cores were immunostained with an antibody to RLN2 and
counterstained with hematoxylin. Multispectral imaging technologies were utilized to
convert the brown staining (representing RLN2 localization) and the blue hematoxylin
counterstain to false fluorescent imaging for better visualization and staining quantitation.
Here shown are two representative cores from each group. (B) Box plot comparing median
H2 relaxin expression values and interquartile ranges between the patient groups. Statistical
analysis of RLN2 expression based on quantitation of multi-spectral imaging determined
that RLN2 expression is higher in CaP patients compared to patients with BPH (p=0.002),
while the difference in staining between BPH and PIN or PIN and CaP was not significant.
All patient cores were assessed based on their DAB level to area score. (C). RLN2
expression did not correlate with Gleason grade. (D) Quantitative RT-PCR (qRT-PCR)
analysis of RWPE-1 cells (derived from a normal prostate) vs several CaP cell lines
demonstrated that, excluding PC3 cells, RLN2 expression is elevated in CaP cell lines.
Triplicate samples were run for each experimental group and the resulting Ct values for each
group were within 0.5 Ct of each other. (E) Immunocytochemical analysis in RWPE-1 vs
C4-2 with RLN2 antibody (brown stainig) cells confirmed this trend. The cells were
counterstained with hematoxylin (blue) which allows visualization of unstained cells.
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Figure 2. Effect of increased expression of RLN2 in LNCaP prostate cancer cells
(A) LNCaP sublines LNCaP-RLN2/C1 and LNCaP-RLN2/C2, which express elevated
levels of RLN2, were generated by stable transfection of RLN2 in LNCaP cells. Quantitative
RT-PCR (qRT-PCR) analysis for RLN2 mRNA levels in these sublines compared to vector-
transfected LNCaP cells and LNCaP-R273H, a subline previously shown to express
extremely high levels of this peptide hormone, demonstrated that the two RLN2 LNCaP
sublines expressed RLN2 at significantly higher levels compared to LNCaP, but not as high
as in p53R273H-transfected cells. Triplicate samples were run for each experimental group
and the resulting Ct values for each group were within 0.5 Ct of each other. (B)
Immunocytochemical analysis of the cell lines confirmed this trend. (C) Next generation
sequencing (NGS) followed by Gene Ontology (GO) analysis revealed 12.7% of genes that
are differentially expressed between the RLN2 LNCaP and LNCaP-vector sublines are
linked to proliferation. Other key processes associated with increased RLN2 expression
were transcription (18.6%), metabolism (16.4%), signal transduction (11.7%) and
proteolysis (6.2%). (D) The RLN2 LNCaP sublines express high levels of NSE and low
levels of NEP, suggesting a neuroendocrine-like phenotype. While lower levels of AR were
observed in the RLN2 LNCaP sublines, assessment of PSA levels indicates that the AR
pathway is much more active. (E) MTT proliferation assay determined that the RLN2
LNCaP sublines are able to grow in the absence of androgen, as was the LNCaP-R273H
subline, and that the difference in proliferation at the day 5 time point was statistically
significant when comparing the LNCaP-vector and all 3 LNCaP sublines. (* signifies p <
0.05).
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Figure 3. RLN2 induces activation of the NFκB pathway
(A) The RLN2 LNCaP sublines expressed decreased levels of IκB-α and increased levels of
P-IκB-α, indicating RLN2 expression causes IκB-α degradation. Increased levels of Bcl-xL,
a downstream effector of NFκB was also observed. (B) Increased nuclear translocation of
NFκB is observed in RLN2 LNCaP sublines. LNCaP cells or the RLN2 overexpressing
sublines were immunostained with anti-p65 antibody (green) or with DAPI to detect the
nuclei (blue). Merger of the two stains indicated NF-κB nuclear localization. LNCaP cells
treated with TNF-α (10 ng/ml) were used as positive control. Note that in LNCaP cells NF-
κB remained in the cytoplasm whereas in the RLN2-overexpressing sublines, the complex is
localized to the nucleus. (C) NF-κB transcriptional activity as determined by reporter assay
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was significantly elevated in RLN2 LNCaP sublines and in parental LNCaP treated with
rhRLN2 (human recombinant). Nuclear localization of functional NFκB was confirmed by
assessment of the ability of NFκB to bind to its DNA binding consensus sequence. (D)
(upper panels). Knockdown of RXFP1, the RLN2 receptor, inhibited the ability of NFκB to
bind to its DNA consensus sequence in the RLN2 LNCaP sublines (lower panels). (*
signifies p < 0.05).
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Figure 4. RLN2 stimulates cAMP production and PKA activation
(A) LNCaP cells were treated with 0, 10, 50, 100 ng/ml rhRLN2 (human recombinant) and
cAMP levels measured by ELISA. 50 µM Forskolin, which directly stimulates cAMP
production, is used as a positive control. (B). 100 ng/ml rhRLN2 induced PKA activation
comparable to the positive control Forskolin as measured by the phosphorylation of
Kemptide, a phosphate group acceptor synthetic peptide. Activation of PKA was observed
15 minutes post-treatment upon treatment with 100 ng/ml rhRLN2. This activation could be
inhibited using H89, a PKA inhibitor. (C, D) Inhibition of PKA activity in LNCaP-RLN2/
C1 and LNCaP-RLN2/C2 cells resulted in inhibition of (C) cell growth as measured by
MTT assay and (D, E) PSA levels, as measured by both Western blotting as well as PSA
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ELISA. Figure 4F shows a schematic representation of RLN2 signaling in CaP cells based
on data obtained from this and other studies of the RLN2 pathway in CaP cells. RLN2 is
able to cause activation of both the cAMP/PKA and NF-κB signaling pathways by two
independent mechanisms. Note that LGR7 is an alternate name for RXFP1. (* signifies p <
0.05).
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Figure 5. Combined blockade of the PKA and PI3K/Akt signaling pathways that are activated
by RLN2 promotes apoptosis
(A) The RLN2 LNCaP sublines are resistant to apoptosis by several drugs, including
LY294002, perifosine, rapamycin and docetaxel. The levels of apoptosis in LNCaP-vector
were statistically higher compared to those observed in the LNCaP RLN2 sublines
regardless of the type of drug treatment (B) Perifosine, similar to the IKK inhibitor decrease
binding of NFκB to its DNA consensus sequence. (C) Inhibition of IKK in the LNCaP-
RLN2/C1 and –RLN2/C2 sublines did not cause an increase in apoptosis, while perifosine
alone caused only a moderate increase in apoptosis (~2-fold increase). Simultaneous
blockade of IKK and Akt resulted in only a minimal increase in apoptosis compared to
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treatment with perifosine alone (left panel). A similar trend was observed by clonogenic
assay (right panel). (D) On the other hand, simultaneous blockade of PKA with H-89
together with perifosine resulted in a significant increase in apoptosis compared to blockade
of either individual pathway (~2–3-fold increase in apoptosis compared to treatment with
perifosine alone, ~15–18% apoptosis in the combination treatment) (left panel), an increase
that was far greater than that observed with docetaxel treatment (~2–3% apoptosis).
Clonogenic assay showed this same trend (right panel). (* signifies p < 0.05).
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TABLE 1
Genes that are differentially expressed by LNCaP-RLN2 versus LNCaP-vector sublines

NGS was performed on mRNA-Seq libraries prepared from total RNA isolated from LNCaP-RLN2 and vector
control cell lines. Data analysis was performed as described in Materials and Methods. Normalized transcript
expression (RPKM values) was used for calculation of fold expression changes in the RLN2 LNCaP sublines
relative to the vector control. The numbers listed in the LNCaP-RLN2/C1 and –RLN2/C2 columns of the table
are fold change in gene expression relative to LNCaP-vector. This table also lists the relative expression of
genes that have been shown to be driven by either the beta-catenin/AR complex or by NFκB and those
involved in neuroendocrine differentiation (in grey). Both PSA (KLK3) and cyclin D1 (CCND1) have
increased expression in the LNCaP-RLN2 sublines, as does TRAF1 and C-IAP1 (CIAPIN1). C-Myc and Bcl-
xL were not differentially expressed.

Gene symbol LNCaP-RLN2/C1
(fold-change relative to LNCaP-vector)

LNCaP-RLN2/C2
(fold-change relative to LNCaP-vector)

GO Function

SALL2 932 1827 transcription

CCL20 701 166 chemotaxis

KLHL13 693 187 catabolism

TCEA3 498 705 transcription

RLN1 419 241 signal transduction

TUSC3 413 264 glycosylation

PEG3 401 231 transcription

RLN2 350 582 female pregnancy

S100A10 267 165 signal transduction

MEST 196 106 mesoderm development

KLK3 8 22 catalytic activity

MYC 1.18 0.94 survival

CCND1 1.44 1.20 cell cycle

BCL2L1 0.83 0.93 survival

TRAF1 2.01 3.08 survival

CIAPIN1 1.47 1.50 survival

NSE 9.532 18.796 NED

NEP 2.544 1.668 NED
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Abstract
Most prostate cancers (PCa) are critically reliant on functional androgen receptor (AR) signaling.
At its onset, PCa is androgen-dependent and although temporarily halted by surgically or
pharmacologically blocking the AR (androgen ablation), the disease ultimately recurs as an
aggressive, fatal castration resistant prostate cancer (CRPC). FDA-approved treatments like
docetaxel, a chemotherapeutic agent, and Provenge, a cancer vaccine, extend survival by a scant 3
and 4 months, respectively. It is clear that more effective drugs targeting CRPC are urgently
needed. The ErbB family (EGFR/ErbB1, ErbB2/HER2/neu, ErbB3/HER3 and ErbB4/HER4) of
receptor tyrosine kinases (RTKs) have long been implicated in PCa initiation and progression, but
inhibitors of ErbB1 and ErbB2 (prototypic family members) fared poorly in PCa clinical trials.
Recent research suggests that another family member ErbB3 abets emergence of the castration-
resistant phenotype. Considerable efforts are being directed towards understanding ErbB3-
mediated molecular mechanisms of castration resistance and searching for novel ways of
inhibiting ErbB3 activity via rational drug design. Antibody-based therapy that prevents ligand
binding to ErbB3 appears promising and fully-humanized antibodies that inhibit ligand-induced
phosphorylation of ErbB3 are currently in early development. Small molecule tyrosine kinase
inhibitors are also being vigorously pursued, as are siRNA-based approaches and combination
treatment strategies- the simultaneous suppression of ErbB3 and its signaling partners or
downstream effectors – with the primary purpose of undermining the resiliency of ErbB3-
mediated signal transduction. This review summarizes the existing literature and reinforces the
importance of ErbB3 as a therapeutic target in the clinical management of prostate cancer.

Keywords
ErbB3; Androgen Receptor; prostate cancer; castration resistance; EGFR; ErbB2; HER2; HER3;
lapatinib; erlotinib; trastuzumab

1. INTRODUCTION
The prostate was first described in 1536 but prostate cancer (PCa) was not identified until
1853 [1]. At that time, it was considered a rare disease, likely due to shorter survival, since
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PCa does not affect men until they are older. At the present time, however, it is the most
common type of cancer afflicting men in the Western world, with over 2 million currently
living with the disease. It is the second leading cause of cancer death in American men after
lung cancer. In 2010, at least 217,730 men were diagnosed with prostate cancer and 32,050
were expected to die from the disease (American Cancer Society – Facts and Figures, 2010).

The occurrence and progression of PCa have been linked to the age, race and family history
of the patient. 65% of all PCa are diagnosed in men older than 65 [2]. African-American
men are three times as likely as Caucasian men are to die from PCa, while Asian-American
men are at the lowest risk of developing the disease [2, 3]. Men with a single first-degree
relative with a history of prostate cancer are twice as likely to develop PCa, while those with
two or more relatives are nearly four times as likely to be diagnosed. The risk increases if
the affected family members were diagnosed at a young age and the most susceptible men
are those whose family members were diagnosed before age 60.

Patients diagnosed with localized PCa undergo watchful waiting if they are at low-risk or
undergo surgery or radiation therapy if they are considered high risk. Prostatectomy, or
surgery to remove the prostate, is one of the most common treatments for localized prostate
cancer [4]. Radiation therapy is also a common form of treatment for prostate cancer
patients. External beam radiotherapy (EBT), co-administered with androgen-ablative
treatment, results in improved relapse-free and survival rates and has become the standard-
of-care for locally-advanced PCa. In recent years, brachytherapy has also become common
in treating subsets of patients with localized PCa [5]. Seeds of radioactive material are
implanted in the prostate gland and deliver radiation over a short distance, thereby
minimizing damage to normal, non-cancerous tissues.

The majority of patients undergoing treatment for localized prostate cancer respond to these
therapies. A small fraction of these patients (15~30%), however, experience tumor
recurrence within 5 years following localized treatment, indicating the presence of
disseminated disease. These patients are then treated by androgen withdrawal therapy (AW).
In the early 1970s, Huggins and Hodges made the seminal observation that androgens
played a key role in PCa development and that orchiectomy (removal of the testes) induced
cancer regression [6]. Based on their observations, androgen withdrawal continues to be the
therapeutic mainstay for disseminated PCa to date; although the majority of patients with
metastatic PCa currently are treated with drugs that reduce testicular androgen production,
rather than surgery to remove the testes [7].

Androgen withdrawal therapy (AW) is currently the primary, first line, and therapeutic
intervention for recurrent prostate cancer [7]. Essentially, AW therapy blocks AR signaling
and inhibits the receptor's transcriptional activity. Pharmacological ablation includes
gonadotrophin-releasing hormone (GnRH) super-agonists luteinizing-hormone (LH)-
releasing hormone (LHRH) analogues, which downregulate the GnRH receptor in pituitary
gonadotropes, thus suppressing LH release and inhibiting testicular testosterone secretion
[8]. Synthetic GnRH agonists include leuprolide (Lupron), goserelin (Zoladex), buserelin
and nafarelin. GnRH antagonists, which inhibit hormone binding to the GnRH receptor,
have also been developed as PCa treatments. Several of these antagonists, such as cetrorelix
(Cetrotide), abarelix and orgalutran (Ganirelix) are as effective as GnRH agonists in
lowering serum testosterone, without causing a testosterone flare associated with GnRH-
agonist therapy [9].

The effect of the first line therapy, however, remains in the patient for only about 18-24
months on an average, after which they develop resistance to this therapy. Non-steroidal
anti-androgens competitively inhibit the binding of DHT or testosterones to the AR.
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Examples within this category are flutamide, nilutamide and bicalutamide (Casodex). This
method of treatment constitutes second line therapy and may be used upon failure of first
line therapy, either alone, or together with LHRH modulators. Complete androgen blockade
(CAB) combines an anti-androgen with a GnRH agonist [10]. This approach benefits about
25-35% of patients initially but does not confer any significant advantage in terms of
survival for the majority of PCa sufferers.

Virtually all patients on AW or CAB eventually develop castration-resistant prostate cancer
(CRPC) that is refractory to these treatments [7]. The current standard-of-care for CRPC is
docetaxel-based chemotherapy, which offers a survival benefit of ~3 months [11], whereas
the recently-FDA-approved PCa vaccine Sipuleucel-T (Provenge; Dendreon) extends
patients’ lifespans by 4.1 months [12]. Hence neither treatment is permanently curative.
Patients eventually succumb to the disease [7] and it is clear that more effective therapies are
urgently required. A large number of clinical trials have been conducted to identify potential
treatments that cure CRPC, but to no avail. Our laboratory has therefore taken the stand that
it is more advantageous and feasible to prevent the progression of prostate cancer to CRPC
than to cure CRPC after it has already developed. In this review, therefore, we will examine
known causes for the development of CRPC and methods by which it could be prevented.

2. FACTORS AFFECTING THE DEVELOPMENT OF CASTRATION
RESISTANCE
2.1. Cell Proliferation and Apoptosis in CRPC

In the normal prostate of a mature male, the rate of cellular proliferation (1–2% rate of
growth) is balanced by the rate of apoptosis (1–2% per day). This is dependent upon an
adequate supply of androgens which ensure that neither involution nor overgrowth of the
glands occurs. In contrast, the cancerous prostate suffers from rampant cell growth and/or
decreased apoptosis [13, 14]. As described above, PCa cells are initially dependent upon
androgens for their sustenance and AW results in tumor regression. It was initially assumed
that AW resulted in the apoptotic death of the majority of PCa cells, and that the few that
remained were resistant and eventually returned as castration resistant tumors. The number
of studies determining proliferation or apoptotic indices in human patients following AW
treatment is limited since the majority of patients undergo prostatectomy prior to start of
treatment. However in a few reported studies, the results differed widely. Some groups
reported increased levels of apoptosis 3 months after AW [15-17], but other investigators
found no increase in apoptotic indices in the majority of patients either shortly [18] or 3
months after AW [19]. The authors of the latter study observed that androgen-deprivation
was not associated with degeneration or necrosis of neoplastic glands and surmised that AW
‘may be related more to suppression of tumor growth than to obliteration of tumor cells’. A
similar concept had been put forth earlier [13], that both androgen-dependent and castration
resistant human PCa tumors and cells altered their kinetic parameters (i.e., cell cycling
status), rendering androgen ablative drugs utterly useless.

Attempts to test this hypothesis in animal models of prostate cancer have also yielded
differing results. In the PC-82 and LuCaP xenograft models, increased apoptotic indices
were observed following AW [20, 21], whereas in the Dunning R3327PAP rat model tumor
growth and mitotic indices were reduced soon after AW but there were no signs of increased
apoptosis and tumor cell numbers remained fairly constant throughout the study period [22,
23]. Earlier studies had determined that >80% of non-malignant rat ventral prostatic cells
(taken from Sprague-Dawley or Copenhagen males) were lost within 10 days of castration
[14, 24], and thus suggested that normal prostatic epithelial cell proliferation and death were
differently controlled post-castration when compared to that in prostate tumors. Another
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study demonstrated that AW in mice bearing the androgen-dependent CWR22 human
prostate tumor xenograft was associated with a decrease in the proliferative index [25], but
cellular changes indicative of apoptosis were notably absent. The authors inferred that the
tumor cells were growth-arrested in a G0/early G1 state. Later results from the same group
corroborated that hypothesis, revealing that the emergence of a castrate-resistant phenotype
was associated with release from cell cycle arrest [26].

2.2. AR Signaling and Molecular Mechanisms of Resistance in CRPC
PCa cells rely on the androgen receptor (AR) for proliferation and survival. The AR is
activated by ligand-binding and nuclear translocation, dimerization of two AR molecules,
and binding to specific androgen-responsive elements (AREs) of androgen-responsive genes
and modulating their transcription [27]. The AR is expressed in the majority of prostate
tumors, both before and after AW therapy, regardless of their hormone sensitivity [28]. High
levels of phosphorylated AR are associated with aggressive clinicopathological features;
while increases in AR mRNA and protein levels are necessary and sufficient for progression
to CRPC. This in turn is dependent upon a functional AR DNA-binding domain, implying
that AR activity and levels are the driving forces for CRPC [27, 28]. The prostate-specific
antigen (PSA) gene is an androgen-responsive gene and PSA protein levels are detected in
the majority of CRPC, indicating a functional AR-signaling pathway.

Various authors have concluded that there are multiple mechanisms responsible for
castration resistance. Overall, there are five principal mechanisms which ultimately increase
the AR's cell-growth-promoting functions (Fig. 1) (for a detailed review see [28] and
references therein). (i) The androgen receptor is amplified in 25-30% of castrate resistant
tumors. Increased AR levels result in increased sensitivity to residual low levels of
androgens that are produced by the adrenal gland. (ii) Additionally, in some cases, there is
evidence of enhanced rate of T (testosterone)→DHT (dihydrotestostereone) conversion by
the enzyme 5α reductase. (iii) Further, the AR gene itself may be mutated, giving rise to a
mutant protein which may be “promiscuous”, i.e. can be activated by other circulating
steroid hormones (e.g. cortisol) and their metabolic by-products as well as by androgen
antagonists like flutamide. These include expression of low molecular weight AR isoforms
that are missing the ligand binding domain and are constitutively active allow for AR
function in the absence of androgens. (iv) Co-regulator over-expression or co-repressor loss
may also facilitate the conversion of anti-androgens into androgen agonists, or allow
constitutive activation of the AR, despite the absence of significant levels of androgens in
circulation. (v) Constitutive activation of the AR may also result from phosphorylation of
the AR by various effectors which allow a configuration change in the AR, resulting in its
enhanced transcriptional activity and transcription of target genes in CRPC cells at altered
rates compared to castration sensitive cells. Further, altered co-repressor expression and
binding and/or AR phosphorylation, also allows altered binding patterns of the AR in CRPC
cells compared to its binding in castration sensitive cells [28].

It is of interest to note that most castrate resistant PCa cells, nevertheless, are still androgen
sensitive. Although these cells would not cease growth when treated with anti-androgens,
they would proliferate at an enhanced rate when challenged by additional doses of
androgens [29]. The expression of the AR, is also responsible for cell survival, and in
multiple cases, it has been shown that loss of AR expression results in cell death, even in
CRPC cells [30-32]. It is likely; therefore, that ligand-dependent AR transcriptional activity
is mainly responsible for regulating cell cycle proliferation, while ligand-independent AR
activity may additionally regulate cell survival. Hence, androgen withdrawal may result in
cell cycle arrest but even in the absence of ligands, the AR may be activated by mechanisms
that are independent of ligand binding, which keeps the cells alive. When alternate pathways
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that regulate cell cycle progression are activated in CRPC cells, this may result in a release
from growth arrest and re-growth of the tumor.

2.3. Activation of Cell Signaling Pathways that Bypass AR Function in CRPC Cells
Studies from different laboratories indicate the existence of alternate pathways in CRPC
cells that obviate the need for the AR in regulating the cell cycle pathways. Thus, the AR
may be active and functional but cell survival may be regulated by parallel proliferation
pathways, mediated, for example, by the serine/threonine kinase Akt [33]. Alternately the
growth of the tumor may be facilitated by cancer stem or progenitor cells which do not
express the AR but are selected by androgen-ablation therapy as the primary tumor cell type
[34]. Alternately, the AR may be activated by a multitude of pathways that confer to it
ligand-independent activation resulting in an ability to regulate cell survival, even in the
absence of ligands. One of the major causes of re-activation of the cancer promoting
pathways in cells that have undergone AW therapy is the phosphatidylinositol 3-kinase
(PI3K) pathway. This pathway triggers a number of downstream targets such as Akt
(reviewed by us earlier [35, 36]), which promotes cell survival pathways. The stimulation of
these pathways prevents cell death during AW treatment [33, 37]. Since receptor tyrosine
kinases (RTKs) of the ErbB family are known to turn on the PI3K pathway and regulate AR
transcriptional activity in a ligand-independent manner, we will review in the following
pages how ErbB receptors, regulate the progression to CRPC.

3. OVERVIEW OF ErbB RECEPTORS; STRUCTURE AND RECEPTOR
ACTIVATION

The ErbB family consists of four closely related type 1 transmembrane tyrosine kinase
receptors: the epidermal growth factor receptor (EGFR/HER1/ErbB1), ErbB2 (HER2/neu),
ErbB3 (HER3) and ErbB4 (HER4). Signaling by the ErbB family regulates many cellular
activities important for cell survival and function including cell division, migration,
adhesion, differentiation and apoptosis. EGFR and ErbB2 have been described in many
excellent reviews [38, 39] and hence will be described here only briefly.

3.1. ErbB Receptors are Activated by Ligand Binding, Dimerization and Phosphorylation
The ErbB receptors are activated by mesen chymal ligands – including heregulins (HRG,
human) and neuregulins (NRG, esp. mice) and other epidermal growth factor (EGF)-like
ligands [40] (Fig. 2). The 4 ErbBs share an overall structure of two cysteine-rich domains in
their extracellular region and an intracellular kinase domain, flanked by a carboxy-terminal
tail with tyrosine autophosphorylation sites (Fig. 3). Although they have essentially the same
domain structure, the functional activity of each varies. ErbB-1, -2 and -4 have active
tyrosine kinase domains and ErbB-1, -3 and -4 possess known ligands. ErbB-2 has no
known ligand but is constitutively available for dimerization [40]. ErbB-3 can bind several
growth factors but until recently was thought to lack intrinsic tyrosine kinase ability (being
devoid of the requisite ATP-binding amino acid residues). Recent work has disproved this
notion and will be discussed later in this article.

Receptor homo- or hetero-dimerization is imperative for ErbB function and signaling
activity. ErbB receptors normally exist as inactive monomers with the homodimerization
domains folded to prevent dimerization. Binding of a specific ligand induces a
conformational change in the ErbB monomer and readies it for dimerization with a second,
active ErbB monomer [40, 41]. The exception may be ErbB2, which is thought to be
constitutively activated and readied for heterodimerization. Several different homodimer and
heterodimer pairings are possible between the four receptors, with homodimers only weakly
perpetuating signals compared to heterodimers (Fig. 2). This ligand-induced dimerization
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activates the intrinsic receptor tyrosine kinase activity and leads to trans-
autophosphorylation of the monomeric partners [42]. Adapter proteins are recruited to these
newly phosphorylated docking sites and a signaling cascade is initiated. It is important to
note that ErbB2 and ErbB3 must heterodimerize with the other ErbBs if they are to transmit
signals. ErbB2-containing heterodimers are the most potent complexes and the ErbB2-
ErbB3 heterodimer is the most mitogenic and transforming of them all.

3.2. ErbB Function in Normal Tissue and in Tumorigenesis
The ErbB kinases are essential for development and tissue maintenance. Although these
studies were conducted mostly in EGFR and ErbB2, it gives a broad overview of the
functions of ErbB kinases in general. ErbB1 knockout mice die soon after birth, suffering
defects in a large number of organs including skin, lung, the GI tract and the brain (reviewed
in [43]). Basically, there is immature development in several epithelial organs. In normal
mice, the ErbB2/ErbB4 heterodimer acts principally in the heart, whereas ErbB2/ErbB3
function is required for the development of the peripheral nervous system [43]. ErbB2 or
ErbB3 knockout mice experience hypoplasia of the sympathetic ganglion chain, loss of
cranial sensory ganglia and defective Schwann cell development, due to a loss of migratory
ability of cells arising from the neural crest [44]. To circumvent the early lethality of ErbB2
knockout mice, conditional ErbB2 knockout mice have also been developed [45, 46].
Conditional knockdown of ErbB2 in various stages in the life of these mice demonstrated
that lack of ErbB2 caused a development of cardiomyopathy, a lack of muscle spindles,
defects in muscle regeneration, in effective neuromuscular synapses, abnormally thin myelin
sheaths, movement abnormalities and a loss of motoneurons (reviewed in [43]). In the
development of the mammary gland, the importance of ErbB1 in ductal growth and the
contribution of ErbB2 and ErbB4 for lobulo-aveolar development and lactation has been
demonstrated (reviewed in [47]). Based on these reports, it is fairly obvious that ErbB1 has
major roles in epithelial cell development whereas ErbB2 plays an important role in cell
migration and movement. While these receptors are essential in development, their
malfunction later on in life may result in cancer development as well.

In the adult tissue, these receptors and their ligands are still present, but their function may
be mainly to maintain the homeostasis of the organ. In cancer, on the other hand, the
receptors are inappropriately activated resulting in increased proliferation, decreased
survival and increased motility. Based on the existing literature to date, there are three main
causes for the role of the ErbB receptors in tumorigenesis: (i) Increased receptor expression
and/or gene amplification, (ii) increased ligand expression and (iii) activating mutation of
the receptor. Increased expression of ErbB2 has been found to be a common cause for breast
cancer [48]. ErbB2 overexpression in breast cancer is associated with poor prognosis, and
resistance to hormonal therapy. ErbB2 overexpression has also been associated with
metastasis in patients with breast and prostate cancer, especially to the bone [49]. On the
other hand, the majority of tumors studied, not only those that are hormonally related, but
also other solid tumors, do not exhibit any mutations in ErbB2, or for that matter, in ErbB3
or ErbB4. ErbB3 and ErbB4, when abnormally activated, is more likely to be due to
increased availability of their ligands. The same is also true for ErbB1. In the normal
prostate, the ligands for these receptors are produced in the stromal tissue, with receptor
being expressed in the epithelial cells. In tumors, the epithelial cells themselves may start to
produce the ligands, thereby maintaining the receptors in a constant state of activation.
ErbB1 receptors, at least in some tumors, especially lung and head and neck, are also prone
to mutations that keep these receptors in a constant state of activation [50, 51]. Comparison
of the functions of EGFR and ErbB2 in normal development and in cancer indicates that
these receptors continue to perform in cancer the tasks that they conducted in development,
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which is tissue generation and cell migration, expect that now these tasks are conducted to
the detriment of the patient.

In prostate cancer, mutations of any of the erbB receptors have not been seen; however, a
large number of studies indicate that EGFR (ErbB1) and ErbB2 (HER2) interact with the
AR in the absence of AR ligand binding and stimulate cell survival. The AR was found to
both regulate [52] and be regulated by ErbB1 and ErbB2 [53] in castration sensitive, but not
in CRPC, human cell lines. In particular, AR expression was suppressed by the activation of
ErbB1 [53]; while ectopic expression of ErbB2 was shown to stimulate ligand independent
activation of the AR [54]. ErbB2 overexpression in an androgen dependent prostate cancer
cell line enhanced AR activity and hormone-independent cell growth [55], whereas small
interfering RNA (siRNA)–mediated ErbB2 knockdown impaired prostate cancer cell growth
and AR activity [56]. Nevertheless, a large number of ErbB1 and ErbB2 inhibitors were
identified which inhibited cell proliferation and survival and also prevented AR
transcriptional activity (discussed below). Based on these reports, as well as the fact that
ErbB2 regulated PI3K/Akt activation, which made them successful targets of therapy in a
number of other solid cancers, ErbB1 and ErbB2 inhibitors were assumed to be the panacea
that would kill prostate cancer cells, and prevent castrate resistant prostate cancer.

3.3. ErbB1 (EGFR) and ErbB2 (HER2) Inhibitors in Cancer Therapy
The ErbB family is an established therapeutic target for many human cancers. Anti-ErbB
drugs include monoclonal antibodies (MAbs) that target the extracellular regions of the
receptor (for example, Trastuzumab, which targets ErbB2), as well as small-molecule
tyrosine kinase inhibitors (TKIs) that prevent signal transduction through the receptor's
tyrosine kinase domain (for example, erlotinib, which targets ErbB1) (reviewed in [38]).
ErbB1 and ErbB2 have been the major recipients of attention with much less consideration
given to ErbB3 as a consequence of its impaired kinase activity and previously perceived
subservient status compared to ErbB2, which was considered to be the “master positive
regulator of the ErbB network” [57]. The anti-ErbB2 monoclonal antibody Trastuzumab was
the first inhibitor of the ErbB family to be approved by the US Food and Drug
Administration (FDA) in 1998 for the treatment of HER-2 positive breast cancer. Today it is
in regular clinical use for the treatment of breast cancer alongside hormone-based therapy.
The monoclonal antibody Cetuximab and the small molecule TKIs Gefitinib and Erlotinib
target ErbB1 in several types of epithelial cancers and have also received regulatory
approval – cetuximab (Erbitux) for metastatic colorectal cancer and squamous cell
carcinoma of the head and neck, erlotinib (Tarceva) for metastatic pancreatic cancer and
non-small-cell lung cancer (NSCLC) and gefitinib (Iressa) for advanced NSCLC [38]. A
second-generation, irreversible, pan-ErbB inhibitor presently undergoing clinical trials in
patients with advanced lung cancer is PF00299804 [58, 59]. This molecule is a potent
inhibitor of ErbB1-activating mutations as well as the ErbB1 T790M resistance mutation
both in vitro and in vivo. The drug also effectively inhibits wild-type ErbB2 and insertion
ErbB2 mutations which are observed in the 20-30% of lung cancers that fail gefinitib or
erlotinib therapy [58].

3.4. The Failure of ErbB1 and ErbB2 Inhibitors in Prostate Cancer
PCa cells express ErbB1, ErbB2, and ErbB3 receptors [60] so Trastuzumab, Gefitinib and
Erlotinib were tested for single-agent therapeutic efficacy in clinical trials in patients with
CRPC. No agent, however, displayed any meaningful activity in Phase II trials of men with
PCa [61-65]. Preclinical studies had also used Pertuzumab (2C4) - a monoclonal antibody
directed against ErbB2 but differed from Trastuzumab in that it prevented ErbB2
heterodimerization with other ErbB family members rather than obstructing ErbB2's ligand-
binding domain [38]. Pertuzumab was used to inhibit the growth of CRPC xenografts, while
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Trastuzumab used in the same study showed minimal effectiveness in preventing CRPC
xenograft growth [66].

In sharp contrast to the preclinical studies, phase II trials of Pertuzumab in patients with
CRPC were wholly unsatisfactory - no patient achieved the primary endpoint of >50%
decline in PSA [67]. The dual kinase inhibitor lapatinib fared somewhat better in phase II
single-agent clinical trials, being fairly well-tolerated and resulting in stable disease for 12
weeks but evidencing no PSA responses [68]. These results challenged the significance of
the ErbB1/ErbB2 axis in PCa.

3.5. ErbB3 Activation May Prevent ErbB1 and ErbB2 Inhibitors in PCa
It had been known that while ErbB kinase signals were required for optimal AR function at
low levels of androgen, this signaling was mediated not by ErbB1 but by the
heterodimerization of ErbB2 with ErbB3 [56]. Sergina et al. later demonstrated that ErbB3
was upregulated and provided compensatory signaling precisely in response to ErbB1/
ErbB2-directed TKI treatment [69]. ErbB3 activity was characterized by increased
membrane localization and phosphorylation. Indeed, ErbB3-directed siRNA duly restored
the pro-apoptotic effects of TKIs [69]. These reports suggested that the failure of EGFR and
ErbB2 inhibitors may be due to the activation of ErbB3 in these tumors.

Primary PCa cells frequently overexpress ErbB3, which is unaccompanied by increases in
ErbB1 or ErbB2 protein [70]. In fact, a surge in the levels – and activation – of ErbB3 is
seen when relatively small amounts of ErbB2 are present [71]. Recent work by Soler et al.
demonstrates that ErbB3 is required for and promotes the invasive capacity of prostate
epithelial cells [72]. It achieves this objective by ligand-specific transactivation with either
ErbB1 or ErbB2. Castration resistant DU-145 PCa cells were reliant upon ErbB3 expression
for optimal motility and clonogenicity in vitro and tumorigenicity in vivo in response to the
NRG-1, EGF and fetal bovine serum [72]. Although MCF-7 breast cancer cells appeared to
require ErbB3 as part of an autocrine response induced by EGF and FBS, the response of
DU-145 prostate cancer cells to these stimuli, while requiring ErbB3, did not appear to
involve autocrine stimulation of the receptor. In both cell types, clonogenicity and
tumorigenicity were severely compromised after ErbB3 knockdown with siRNA [72].

ErbB3 has six binding sites for the p85 regulatory subunit of PI3K, as well as for activators
of the Ras/mitogen activated protein kinase (MAPK) pathway, and ErbB3-mediated
signaling may be responsible for oncogenic cell survival and the promotion of CRPC. As
described earlier, AW results in cell cycle arrest whereas CRPC occurs because of release
from that arrest. Recent work from our lab shows that in both castration sensitive and CRPC
human PCa cell lines and xenografts, AW brought about a visible increase in the protein
levels of ErbB3 [73]. This in turn augmented AR transcriptional activity and cell
proliferation, signaling the reentry of growth-arrested tumor cells into an actively cycling
state. Conversely, ErbB3 downregulation via siRNA suppressed cell viability and impeded
CRPC growth [73]. These studies reveal the significant cross-talk between ErbB3 and the
AR and indicate a mechanism by which cells may develop resistance to ErbB1 or ErbB2
inhibitors.

4. ErbB3 IN PROSTATE CANCER
4.1. Cellular Localization

The high expression of ErbB3 in certain human cancers suggested that it might be involved
in tumor development and, if so, could be marked as a therapeutic target. The cancerous
prostate, in comparison to its normal counterpart, overexpresses ErbB3 protein (by IHC
visualization [73] and microarray analyses [70]), which indicate poor prognosis. A secreted
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isoform of ErbB3 – p45 sErbB3 - was found in PCa bone metastases, activated osteoblasts
and new bone matrices but not in the epithelial cells of primary PCa [74]. This isoform
stimulated the expression of osteonectin from bone cells which in turn enhanced the
invasiveness of PCa cells [75]. It may be mentioned that a secreted, truncated form of ErbB3
– p85 sErbB3 - that acts as a negative regulator of ligand-stimulated ErbB-2, -3 and -4, was
found to naturally occur in patients with metastatic breast cancer [76], but has not been
studied in PCa patients.

Along with its plasma membranous and cytoplasmic locations, ErbB3, which has a nuclear
localization sequence (NLS) near its C-terminal, has been observed in the nuclei of PCa
tissues and cell lines. In human PCa tissues, nuclear levels of ErbB3 were low or absent in
the benign prostate but increased as the cancer progressed to hormone resistance [77].
Surprisingly, in PCa cell lines, the trend was reversed, with nuclear ErbB3 levels being
higher in hormone-sensitive rather than in CRPC cases [77]. As a result, the authors of that
study initially associated nuclear ErbB3 staining with risk of disease progression, but in later
work discovered that low nuclear localization of ErbB3 was a predictor of biochemical
recurrence in patients with PCa and positive surgical margins after radical prostatectomy
[78]. ErbB3 expression was also upregulated in the nuclei of PCa cells taken from lymph
nodes and bone metastases of patients who had undergone AW therapy [79]. In
subcutaneous xenograft tumors of MDA-PCa-2b and PC-3 cell lines, ErbB-3 was
predominantly in the membrane/cytoplasm; however, it was present in the nuclei of the
xenograft tumor cells implanted in the femur. Castration of mice bearing subcutaneous
MDA PCa 2b tumors induced a transient nuclear translocation of ErbB-3, with relocalization
to the membrane/cytoplasm upon tumor recurrence [79]. Based on these results, the authors
speculate that nuclear localization of ErbB-3 may aid prostate cancer cell survival during
androgen ablation and progression of prostate cancer in bone. Based on these results, one
can conclude that nuclear localization of ErbB3 may reflect a response to cellular stress (in
this case the blocking of AR signaling using an anti-androgen), regulation of RNA synthesis
during growth arrest and release from nuclear sequestration in response to proliferation (i.e.
when the anti-androgen is removed).

4.2. Ligand-Induced Activation of ErbB3
ErbB3 overexpression does not indicate its activation, since activation requires ligands,
dimerization partners, the availability of phosphorylation sites and a variety of intracellular
partners to enable signaling. In vitro studies suggest that overexpression of a normal
receptor leads to transformation only when its appropriate ligand is present; therefore ErbB
overexpression has to be accompanied by ligand upregulation (reviewed in [28]). For
example, poor prognosis in CRPC directly correlates with overexpressed EGFR, ErbB2, and
ErbB3 receptors (at mRNA and/or protein levels) and upregulation of ErbB ligands such as
TGF-alpha, ARG, HB-EGF and EPG. mRNA levels for these ligands were increased 10-100
fold in CRPC as compared to castration sensitive PCa cells [80].

As mentioned earlier, the primary ligands for ErbB3 are members of the NRG family, a
large group of isoforms possessing an EGF-like C-terminal and a variable N-terminal region
[40]. NRG binding to ErbB3 is followed by ErbB3 heterodimerization, especially with
ErbB2. ErbB3/ErbB2 dimerization is favored also by ErbB2 overexpression, which biases
heterodimerization towards itself [40]. In the absence of ligand binding, ErbB3 exists in a
self-associated, oligomeric, catalytically-inactive state, whereas NRG-bound ErbB3
undergoes a conformational change such that it is stabilized and it's extended form exposes
the dimerization interface for interaction with ErbB2 [81] (Fig. 4). The extracellular domain
of ErbB3 retains NRG-binding ability even at low acidic pH (owing to the absence of a
critical, pH-sensitive histidine residue in domain III) indicating a mechanism of survival in
the low pH tumor microenvironment [82]. Analysis of PCa cells reveals the existence of a
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paracrine loop involving NRG1 and the ErbB3-ErbB2 dimer [60]. The effects of ErbB3
activation by NRG likely depend upon the ratios of NRG isoforms present, their status as
secreted (i.e. expressed but unprocessed or sequestered, hence inactive), and the relative
amounts of other ErbB receptors.

NRG1 too is overexpressed in PCa and elicits different ErbB3/ErbB2 activation profiles
depending upon the hormone-sensitivity of the cells [60]. For example, androgen-dependent
LNCaP cells displayed ErbB3/ErbB2 activation, triggering several downstream cascades
including PI3K in response to NRG addition [66]. In contrast, CRPC cell lines demonstrated
highly variable outcomes – the AR-negative DU145 and PC-3 were unaffected by NRG,
CWR22Rv1 demonstrated ErbB3/ErbB2 dimer formation and cell proliferation, and the
recurrent PCa cell line CWR-R1 activated an autocrine pathway between NRG and low-
level, constitutively-active ErbB3/ErbB2 that led to AR transactivation via the MAPK and
PI3K/Akt routes [66, 83]. Significantly, the growth factors EGF and betacellulin, which are
not canonical ErbB3 ligands (see Fig. 2), also showed increased binding to ErbB3 co-
expressed with ErbB2 but other ErbB family ligands TGF-alpha, ARG and HB-EGF did not
[84]. These reports indicate the ability of the cancerous cell to activate non-specific binding
in ErbB3 although the mechanism of action in these cases is not fully known. Ligand-
induced activation of ErbB3 is followed by physical association with other ErbB receptors
(Fig. 4). It may be noted that ErbB4 expression is lost in most PCa patients, leaving only
ErbB1 and ErbB2 available for heterodimerization with ErbB3 [60] (Fig. 5).

4.3. ErbB3 Phosphorylation and Downstream Signaling Partners
ErbB3 heterodimerization is followed by autophosphorylation on tyrosine residues and each
receptor thus activates its partner (Fig. 4). Kinases other than ErbB family members can also
phosphorylate ErbB3 and notable among these are Src and MET [85, 86]. Both kinases bind
to ErbB3, increase its phosphorylation and enhance oncogenic signaling via the ErbB3/
ErbB2 heterodimer. Additionally, ErbB3 is activated by the non-receptor Tec family
tyrosine kinase Bmx/Etk [87]. In response to ligand stimulation, Bmx/Etk is activated by
tyrosine phosphorylation downstream of Src and PI3K in PTEN-deficient PCa cells. Etk
downregulation by siRNA markedly decreases PCa cell growth, implying potential validity
as a therapeutic target. Other kinase activators of ErbB3 include CDK5 [88], the breast
cancer associated BRK/PTK6 [89], transactivation by cellular stress and cytokines like
TNF-alpha and Interferon-alpha [90, 91]. Janus tyrosine kinases JAK1 and TYK2 have also
been implicated as ErbB3 interactors, though neither demonstrated physical association with
ErbB3 [92]. The transphosphorylation events resulting from kinase activity create docking
sites for adaptor protein binding. These phosphotyrosine binding proteins associate with the
tail of each ErbB molecule after engagement into dimeric complexes and determine the
specificity and potency of the ensuing intra-cellular signal.

An invariable target of activated ErbB3 heterodimeric complexes is the PI3K/AKT pathway.
While ErbB1 and ErbB2 interact with and activate PI3K via adaptor proteins, ErbB3
possesses six binding sites for the p85 regulatory subunit of PI3K, enabling its direct
activation [40]. Each of these p85 sites cooperatively contributed to ErbB3 signaling, as was
demonstrated by sequential mutation and restoration. Indeed, ErbB3 seems to be the
preferred partner when signaling occurs through the PI3K pathway [93]. Activated PI3K
phosphorylates AKT which sets in motion the phosphorylation and activation of numerous
downstream proteins, resulting in processes that represses apoptosis and promote survival.
ErbB3/PI3K/AKT-induced survival and proliferation pathways have been implicated in
numerous human cancers and AKT has been singled out for its regulation of CRPC cell
proliferation by activating additional signal transduction pathways and stimulating ligand-
independent AR activation [29, 35, 36]. Indeed, it has long been known that Akt
phosphorylation increases during AW treatment of castration sensitive cells and remains
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high in CRPC, but for long, it was not known what factors contributed to this elevation. Our
recent work implicates ErbB3 as a possible cause for the increase in Akt phosphorylation
since ErbB3 also increased during AW and remained high in CRPC [73]. Therefore the
increase in ErbB3 is likely a major cause for the inability of AW to induce cell death.

4.4. Interaction Between ErbB3 and the AR is Mediated by Ebp1
As mentioned in section 2.2, above, the AR is known to remain active in CRPC and
continues to regulate signaling pathways that allow them to proliferate and differentiate.
There is some evidence suggesting that ErbB3 may be responsible for this ligand-
independent AR activation. It was observed that ErbB2/ErbB3 heterodimers, but not ErbB2/
ErbB1 units, modulated AR transcriptional activity by stabilizing AR protein and enhancing
binding to its cognate AREs [56]. Phosphorylated AR was correlated with activated ErbB3
in animal models and AR-mediated transactivation of reporter genes in human CWR-R1
PCa cells [83].

An intriguing mediator of AR-ErbB3 interaction is the ErbB3 binding protein-1 (Ebp1) [94].
First discovered in a yeast two-hybrid assay, it interacted with the first 15 amino acids of the
juxtamembrane domain of unphosphorylated ErbB3, binding directly to ErbB3 only if that
RTK was constitutively phosphorylated by PKC [95]. Ebp1 exists as two isoforms that
differ in their abilities to bind ErbB3, localize intracellularly and affect cell survival and
differentiation [96]. Ebp1 is also recognized as a nucleolar growth regulating factor and an
inhibitor of eIF2α phosphorylation, an initiator of protein translation. Ebp1 is
phosphorylated upon NRG stimulation, dissociates itself from ErbB3 and travels to the
nucleus. There it interacts directly with the cell cycle regulator pRB, inhibiting transcription
of E2F regulated genes by recruiting, among other factors, SIN3A and histone deacetylase
(reviewed in [97]).

Ebp1 contains an LXXLL motif that allows it to interact with the AR. It is an AR
corepressor which inhibits transcription from AR-responsive gene promoters, including
transcription of the AR itself [98, 99]. Ebp1 mRNA and protein levels, therefore, decrease in
PCa versus normal prostate tissue [100]. In vitro and in vivo data demonstrated that Ebp1
overexpression resulted in reduced incidence of LNCaP tumors and slower growth of
remaining tumors while siRNA-mediated Ebp1 downregulation in LNCaP cells activated the
AR despite absence of androgen [101]. Combined Ebp1 upregulation and cyclin D1
downregulation (Ebp1+/D1-) predicted PSA relapse, establishing Ebp1's correlation to PCa
progression [102].

4.5. Regulation of ErbB3 Levels by the AR is Mediated by Nrdp1
Early work on the regulation of ErbB3 degradation by Nrdp1 was conducted in mammary
tumor models and has only recently been applied to PCa. The proteasomal degradation of
ErbB3 is regulated by the RING finger E3 ubiquitin ligase Nrdp1 (neuregulin receptor
degradation protein 1), also known as RNF41 or FLRF. Like Ebp1, described above, Nrdp1
too was discovered as an ErbB3-interacting protein by yeast two-hybrid analyses and
stimulated ErbB3 ubiquitination and degradation in a ligand-independent manner [103].
Thus it regulated the RTK's steady-state levels. Corepressor experiments indicated that
Nrdp1 specifically bound to ErbB3 and ErbB4 but not to ErbB1 or ErbB2. The C-terminal
domain (CTD) of Nrdp1 directly binds to ErbB3's cytoplasmic tail while the N-terminal
RING finger domain is responsible for ErbB3 ubiquitination and turnover. Nrdp1 is itself
highly labile, undergoing self-ubiquitination and proteasomal degradation via the
deubiquitinating enzyme USP8 [104]. Both proteins – Nrdp1 and USP8 - thus contribute to
the efficiency of ErbB3 downregulation by steering it away from the recycling pathway and
towards the degradation route. Proteins th at target recep tors towards ligand-independent
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degradation potentially play a significant role in stifling tumor growth properties by
suppressing receptor levels. In a transgenic murine model of ErbB2-induced mammary
carcinogenesis, the ErbB2 transgene product is highly expressed in tumors but is scarcely
detected in non-tumor tissue [105]. Similarly, ErbB3 protein is overexpressed only in tumors
and not in uninvolved mammary tissues in these animals. This is not attributed to differences
in transcript levels [105]. The same group reported the interesting observation that Nrdp1
protein was present in healthy mammary tissue from the ErbB2-transgenic mice but was
completely lost in tumors [105], suggesting that Nrdp1 played the role of tumor suppressant
by keeping ErbB3 levels – and signaling - in check.

Little however is known about the expression and function of Nrdp1 in PCa. Recent work
from our lab has offered novel insight into one potential mechanism of Nrdp1-mediated
CRPC development. We show that ErbB3 protein is negatively regulated by the AR in
androgen dependent cells, but not in CRPC cells [73]. AW caused a sharp drop in AR
protein levels and transcriptional activity, resulting in the growth arrest of castration
sensitive cells. A simultaneous increase in ErbB3 levels was observed in the castration
sensitive cells, persisting even after the cessation of AW treatment, which likely drove, at
least partly, the eventual growth of the CRPC cells. Continued probe of the AR-ErbB3
relationship uncovered the involvement of Nrdp1, which was found to be under the positive
transcriptional control of the AR in castration sensitive cells, and AR-mediated Nrdp1
expression resulted in the ubiquitination and degradation of ErbB3 in these cells.
Significantly, CRPC cells, unlike castration sensitive ones, appeared to experience a
proliferative advantage because the AR was no longer able to direct the transcription of
Nrdp1 in CRPC. The differential regulation of ErbB receptors by the AR in castration
sensitive, but not in CRPC cells have also been reported for EGFR and ErbB2 by two
separate groups who demonstrated that the AR regulated and was regulated by ErbB1 and
ErbB2 in castration sensitive, but not in CRPC, human cell lines [52, 53]. Steroid receptor
control of the ErbB receptors likely indicates a mechanism by which the AR suppressed cell
growth regulated by the ErbB receptors in castration sensitive cells, and loss of this control
with PCa progression may be an important aspect of why and how castration resistance
develops.

5. ErbB3 AND TKI RESISTANCE
It is apparent from the above discussion that ErbB3 is intimately involved in the
transformative pathways that drive PCa from a castration sensitive to a castration resistant
phenotype. Several experimental approaches are being developed using ErbB3 as a
therapeutic target. Strategies to target this RTK can broadly be divided into two categories –
targeting only the ErbB3 receptor or preventing the formation of ErbB2/ErbB3 oncogenic
unit (see below). Among the classes of agents being developed, small molecule tyrosine
kinase inhibitors (TKIs) and monoclonal antibodies (MAbs) have gone the farthest. The
majority of small molecule TKIs interferes with ATP binding within the receptor's catalytic
domain and obstructs trans-autophosphorylation whereas MAbs are raised such that they
target the receptor's extracellular region and limit ligand binding. The exception is
Pertuzumab which was developed to prevent the dimerization of ErbB2 with ErbB3
(discussed earlier). The end result is that ErbB signaling is inhibited. While we describe a
myriad of methods, we note that not all of them have been applied specifically to a PCa
model.

The principal signaling function of ErbB3 in cancers was thought to be its role as a binding
partner of ErbB1 or ErbB2 and a scaffold for the recruitment of cytosolic signaling proteins.
Targeting scaffold functions is difficult for currently available pharmaceutical technologies,
and for a long time, ErbB3 lacked a specific inhibitor, particularly since ErbB3 was thought
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to lack kinase activity [106]. However, recent data from Shi et al. provide surprising
evidence of ErbB3's ability to bind to ATP and promote autophosphorylation of the
receptor's intracellular domain when clustered at a membrane surface [107]. While ErbB3's
tyrosine kinase activity was ~1000-fold lower than that of ErbB1, this small amount of
activity was clearly sufficient for the initial autophosphorylation steps. Full kinase activation
– or activity that is 150-1000-fold greater – is required only for the receptor to phosphorylate
downstream signaling or docking molecules [107]. The weakly-catalytic ErbB3 thus
efficiently phosphorylates ErbB2 whose vastly superior kinase activity then takes up the task
of phosphorylating downstream substrates, propagating the pro-survival signal in a rapid and
robust manner. ErbB3 autophosphorylation in vitro is uninhibited by single inhibitors of
ErbB1 or ErbB2, displaying the probable culpability of residual ErbB3 kinase signaling in
promoting TKI resistance [107].

Despite the current finding of weak intrinsic kinase function in ErbB3, it is still difficult to
target the function of this RTK because the overall role of the kinase function is relatively
low-grade compared to its function in heterodimer formation and in scaffolding. To
overcome this drawback, and yet recognizing the importance of ErbB3 in different cancers,
pharmaceutical companies and other investigators have taken innovative approaches to
inhibit this RTK. Below, we will discuss possible methods of inhibiting ErbB3 signaling,
some intentional and some fortuitous (see Table 1).

5.1. Monoclonal Humanized Anti-ErbB3 Antibodies
ErbB3's signaling functions depend upon ligand binding to its extracellular domain and
inhibitors are generated to disrupt this interaction. A recently-characterized, ErbB3-specific
humanized antibody MM-121 blocked ligand-dependent ErbB3 activation induced by the
ErbB1, ErbB2 or MET receptors [108]. This MAb was tested in a variety of human cancer
cell lines and tumor xenograft models (lung, renal, gastric, breast and ovarian) and worked
most efficiently in those cancers that overexpressed the ErbB3-specific ligand heregulin.
The aggressive human prostate cancer cell line DU-145 also fell into this category, for it
harbors a strongly-activating, ErbB3-heregulin autocrine loop. In contrast, the Ab fared
poorly in cells with an amplified ErbB2 gene because their growth was likely driven by
ligand-independent and not ligand-dependent mechanisms. MM-121 is currently in clinical
development as a therapy against a variety of cancers [108].

Another ErbB3-targeted MAb is AMG-888 (U3-1287, NCT00730470) - in vitro studies
showed that AMG-888 was able to inhibit the growth of multiple tumor cell lines (breast,
lung, colorectal) that were resistant to other ErbB family inhibitors1. Additionally,
AMG-888 demonstrated statistically significant growth inhibition of established xenograft
tumors as a single agent and in combination with other ErbB family inhibitors. This fully-
humanized MAb is currently in Phase I trials in patients with advanced solid tumors that
have become refractory to standard therapy or for which no acceptable treatment currently
exists. AMG-888 prevents ligand-induced phosphorylation of ErbB3, ErbB2, and
downstream effector molecules including Akt, ERK1 and ERK2. In vivo studies show that
colony formation in pancreatic cancer cells and tumor growth in pancreatic, non-small cell
lung cancer, and colorectal xenograft models are both significantly decreased following
treatment with this drug (see also [109]).

1Freeman, D., S. Ogbagabriel, M. Rothe, R. Radinsky, and M. Treder. Fully human anti-HER3 mAb U3-1287 (AMG 888)
demonstrates unique in vitro and in vivo activities 309 versus other HER family inhibitors in NSCLC models. Proceedings of the 99th
Annual Meeting of the American Association for Cancer Research. 2008. San Diego, CA, USA.
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5.2. Dual- or Multi-ErbB Inhibitory Approach
It should be clear by now that the ErbB receptors cooperate with each other in driving signal
transduction towards malignant transformation. The mutual interactions that exist between
these receptors tend to compromise the success of drugs that target individual receptors in
cancer treatment. Preclinical studies show that tumor cells can rescue themselves, in more
ways than one, from the inhibitory effects of an agent directed toward one ErbB receptor.
They may alter their activation ability by relying on the ligand for a different ErbB receptor
[110], shifting their signaling profiles such that an untargeted receptor is made to drive
cellular growth [69, 111] or co-opting an entirely different RTK into a pro-survival,
heterotrimeric supercomplex [112]. In all cases, signaling is but temporarily halted, only to
inevitably return stronger than before. On the other hand, both in vitro and in vivo models
have shown that employing a dual- or multi-ErbB inhibitory approach demonstrates greater
anti-tumor activity than agents targeting an individual ErbB receptor [113-117]. Strategies
involve putting together two types of MAbs, combining TKIs with MAbs or administering
single molecules that inhibit one or more ErbBs simultaneously (discussed later). In the case
of ErbB3, MM-121 combined with the anti-ErbB1 MAb cetuximab led to prolonged RTK
inhibition in a mouse lung cancer model when compared to MM-121 alone [108]. As an
ErbB-targeted approach, the combination of a MAb and TKI uses two agents with different
sites of action. For example, trastuzumab plus the dual ErbB1/ErbB2 inhibitor lapatinib
given to patients with metastatic breast cancer increased progression-free survival rate [118].
Among the reasons proposed for their therapeutic synergy was the ability of lapatinib (but
inability of trastuzumab) to bind to truncated ErbB2 [93], often overexpressed in metastatic
breast cancer.

Multi-ErbB inhibitors are being pursued most vigorously and antagonize the actions of ErbB
heterodimers or inhibit, at one time, more than one individual ErbB receptor. Implicit in the
inhibition of the ErbB1/ErbB2 heterodimer is the notion that ErbB3 too will be deactivated
for lack of available ErbB dimerisation partners, especially in diseases like PCa where the
fourth member of this family, ErbB4, is lost [60] (Fig. 6). Of note is the fact that the newer
pan-ErbB inhibitors also aim at directly disrupting ErbB3 activity.

The first-generation, irreversible, pan-ErbB inhibitor canertinib (Cl-1033) inhibited TK
activity of all the ErbB family members without affecting other RTKs (PDGFR, FGFR,
IGFR) even when administered at high concentrations to a variety of human cancer cell
lines, including PCa cell lines [119]. It is interesting to note that canertinib also induced G1
cell cycle arrest and apoptosis in an ErbB-independent manner in cell lines derived from
human pre-myelocytes and histiocytic lymphomas [120]. While transcripts for all ErbBs
were readily detected in these cell lines, protein expression was absent. This raises the
possibility of canertinib exerting an off-target effect through an as-yet undetermined
molecular mechanism, possibly involving the inhibition of mRNA translation of the ErbB
receptors [120]. Canertinib is currently in Phase II clinical trials for the treatment of patients
with advanced-stage non-small cell lung cancer (NSCLC) [121].

The pan-TKI MP470 was designed using a structure-based approach and inhibited cell
proliferation in human castration resistant and CRPC cell lines [122]. When co-administered
with erlotinib in the context of an LNCaP mouse xenograft model, the drugs not only
completely abrogated ErbB1, ErbB2 and ErbB3 phosphorylation, but also prevented ErbB3
binding to PI3K and inhibited downstream Akt activity, even in androgen-depleted
conditions. The safety and efficacy of the MP470-erlotinib combination is currently being
evaluated in Phase 1 clinical trials for refractory solid tumors [122].

One of the most recently-documented pan-ErbB inhibitors is AstraZeneca's AZD8931 [123],
shown to have activity as an equipotent TKI against ErbB1, ErbB2 and ErbB3 signaling in a
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variety of human head and neck, non-small-cell lung and breast cancer cell lines and murine
xenograft models. The drug displayed greater inhibitory activity towards the ErbB3/ErbB2
oncodimer and was expected to be of particular use in solid tumors that did not contain
amplified ErbB2 or mutated ErbB1 genes.

Another pan-ErbB inhibitor mentioned above is PF00299804, a potent inhibitor of EGFR-
activating mutations as well as the EGFR T790M resistance mutation both in vitro and in
vivo [58]. PF00299804 also inhibits both wild-type and gefitinib-resistant mutated ErbB2
identified in lung cancers [58]. Increased expression of ErbB3 was shown to induce
resistance to PF00299804 [124]. This drug is an irreversible inhibitor of ErbB1 [58], which
has been shown to inhibit the growth of various cell lines overexpressing ErbB3 [59].

One of the most successful pan-ErbB inhibitors have been lapatinib (GW275016) which has
been mentioned throughout in this review. Tyrosine phosphorylation of ErbB2 and ErbB3,
AR transactivation, and cell proliferation induced by heregulin were more potently inhibited
by lapatinib than the EGFR-specific inhibitor gefitinib [83]. Basal proliferation in the
absence of growth factors was also inhibited by lapatinib to a greater extent than gefitinib,
suggesting that low level HER2/H ER3 activ ation perhaps by an autocrine pathway
contributes to the proliferation signal [83, 125]. As mentioned earlier, a Phase II multicenter
clinical trial to evaluate Lapatinib in early stage, hormonally untreated recurrent or
metastatic prostate cancer was unsuccessful [68], but will be discussed further in the section
below.

5.3. Effectiveness of Dual ErbB1/ErbB2 Inhibitors in Combination with AW Therapy
As mentioned earlier in this article, activation of the ErbB2/ErbB3 signaling cascade can
lead to constitutive, ligand-independent activation of the AR and render PCa cells indifferent
to AR inhibition [55, 56]. In fact, activation of the ErbB receptors, leading to stimulation of
parallel signaling pathways that bypass the AR and regulate cell signaling and survival
independent of the AR, is a major cause of the development of CRPC (see section 2.2). On
the other hand, merely inhibiting ErbB2, or dual ErbB1/ErbB2 or even pan-ErbB inhibitors
were insufficient to inhibit cell growth completely in patients with CRPC [67], given that
this disease is associated with a large number of aberrations, many of which are associated
with increased activation of the AR. Therefore, it is more reasonable to utilize the ErbB
inhibitiors at an earlier stage in order to prevent the progression of the disease. Rather than
apply these drugs to patients with CRPC, they may be better used in hormone-sensitive
patients when combined with anti-androgens.

Indeed, applying an ErbB inhibitor alongside an AR inhibitor appears to be more
efficacious, at least in initial studies. For example, in MDA PCa 2a prostate cancer cells, the
AR antagonist hydroxyflutamide proved more efficacious when combined with cetuximab
and trastuzumab [126]. Significantly, in androgen-dependent PCa cell lines, co-
administration of gefitinib and bicalutamide resulted in concurrent inhibition of AR and
ErbB1/ErbB2 pathways, causing a significant delay in the onset of ErbB-driven castration
resistance [127]. The same principle has been suggested for PCa patients who have
undergone radical prostatectomy and radiation therapy - lapatinib plus an anti-androgen
appear to offer a better therapeutic option than lapatinib alone2.

The problem with anti-androgens is that the patients acquire resistant to this treatment fairly
quickly. Acquisition of resistance employs multiple mechanisms including the failure of the
drug to bind to its target. In that case, alternate mechanisms of action to decrease AR

2Chen, Y., G. Wilding, J. Gee, R.P. DiPaola, M. Pins, M.A. Carducci, M.N. Stein, G. Bubley, and G. Liu; A phase II trial of lapatinib
(GW572016) in patients with recurrent prostate cancer as evident by a rising PSA. J Clin Oncol, 2008. 26 (15), 5170-5170.
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transcriptional activity are needed. Clinical resistance to TKI therapy is also associated with
re-activation of PI3K signaling [69]. The combination of anti-ErbB/anti-PI3K therapeutics is
effective in animal models and is undergoing extensive clinical testing [128]. There has been
emphasis on the use of PI3K inhibitors in tumors that are resistant to the ErbB1 or ErbB2
inhibitors Erlotinib, Lapatinib, and Trastuzumab because the resurgence of PI3K signaling is
largely due to the direct activation of upregulated ErbB3 [129-131].

6. CONCLUSIONS AND FUTURE DIRECTIONS
The preponderance of literature leads to the conclusion that CRPC arises because a few (or
more) tumor cells survive first line AW therapy and then recur with an altered phenotype
that no longer respond to this therapy. Hence, if the existing tumor cells are all eliminated
completely, then the chances of the tumor recurring are reduced to a large extent, regardless
of whether the tumor arises by alterations in existing tumor cells or whether cancer stem
cells give rise to new tumors that are castration resistant. Activation of the PI3K pathway
appears to be a major factor in the ability of the cells to survive, whether by apoptosis or by
the triggering of autophagy. Therefore, disruption of the cell survival mechanism during
AW seems to be a promising method by which CRPC can be prevented to a large extent.

Disruption of the PI3K/Akt pathway directly is of course possible, but Akt is such an
important mechanism in the survival of all the cells in the body, that systemic inhibition of
Akt phosphorylation is bound to have a tremendous impact on the survival of normal cells as
well. Indeed, in Phase II clinical trials, the Akt inhibitor perifosine was shown to cause
Grade 1-2 fatigue and gastrointestinal toxicities [132], and Grade 3 dose-limiting toxicities
resulting in hyponatremia, arthritis, hyperuricemia, and photophobia [133]. Indeed, since the
ErbB receptors are major activators of the PI3K/Akt pathway, it may be advantageous to
inhibit the ErbB receptors directly. However, as has been shown above, inhibition of EGFR
or ErbB2 individually did not seem to have a significant impact in clinical trials. We also
offer proof that the failure of these single EGFR and ErbB2 inhibitors may result from the
activation of ErbB3, and that dual inhibition of EGFR and ErbB2 may fare better, especially
in patients undergoing AW therapy2. This observation is all the more significant because we
have shown that AW therapy at the cellular level induces an increase in ErbB3 levels that
may contribute to the induction of the CRPC phenotype [73].

Fig. (6) summarizes how the presence of ErbB3 prevents the effect of individual inhibitors
of EGFR and ErbB2 on cell survival. Most prostate cancer cells do not express ErbB4 [60,
134], indeed, expression of ErbB4 appeared to disrupt the growth of prostate cancer cells
[135, 136]. Therefore, the only possible ErbB dimers in PCa are EGFR homodimers and
ErbB1-ErbB2, ErbB2-ErbB3, and ErbB1-ErbB3 heterodimers. Individual inhibition of
EGFR using specific and selective inhibitors would disrupt the functioning of EGFR
homodimers and ErbB1-ErbB2 and ErbB1-ErbB3 homodimers, but signaling would still
continue through the ErbB2-ErbB3 heterodimers. Similarly, individual inhibition of ErbB2
would prevent signaling downstream of ErbB1-ErbB2 and ErbB2-ErbB3 heterodimers but
allow signaling downstream of EGFR homodimers and ErbB1-ErbB3 heterodimers.
However, dual inhibition of both EGFR and ErbB2 would inhibit all 4 dimers, thereby
completely stopping the abnormal activation of downstream targets through the ErbB
receptors.

Since it has become clear that ErbB3 occupies a prominent role in regulating cellular
processes that promote CRPC future studies that explore in greater detail previously un-
characterized aspects of ErbB3 biology are warrented. What roles do the truncated isoforms
of ErbB3 play, given their opposing functions? Recent clinical findings indicate that p45
sErbB3 could be involved in the bone-forming pheno-type typical of bone metastases in PCa
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[137]. The novel ErbB3 isoform p85 sErbB3 may be an ideal candidate for cancer drug
development, given its effectiveness at blocking HRG-induced cell growth [76]. What is the
importance of ErbB3's nuclear and nucleolar localization? Recent work has revealed a vast
array of interesting proteins - for example, Ras regulatory molecules and proteins involved
in cell motility - that might bind to ErbB3 and promote ErbB3-mediated tumorigenesis [84].
The molecular basis of these interactions, as well as those involving ErbB3 regulation by the
non-ErbB tyrosine kinases Src, MET and CDK5 (among others) remain unknown and merit
further investigation. The widely-expressed Ebp1 has presented itself as a viable therapeutic
target in CRPC and it would be interesting to learn of studies that advanced this premise.
However, Fig. (6) also shows the limitations of single therapy using ErbB3 inhibitors. We
conclude that ErbB3 inhibitors in combination with other related inhibitors may be of
interest in the prevention of prostate cancer progression to CRPC.

ABBREVIATIONS

AR Androgen Receptor

ARE Androgen Response Element

ARG Ampiregulin

AW Androgen withdrawal

BRK/PTK6 Breast tumour kinase/Tyrosine-protein kinase-6

CAB Complete androgen blockade

CDK5 Cyclin-dependent kinase-5

CRPC Castration Resistant Prostate Cancer

CTD C-terminal domain

DHT Dihydrotestostereone

Ebp1 ErbB3 binding protein-1

EBT External beam radiotherapy

EGF Epidermal Growth Factor

EGFR Epidermal Growth Factor Receptor

eIF2α Eukaryotic translation initiation factor 2

EPG Epiregulin

ErbB Erythroblastic Leukemia Viral Oncogene Homolog

ERK Extracellular signal-regulated kinase

FDA Food and Drug Admininstration

FGFR Fibroblast growth factor receptor

FLRF Fetal Liver Related Factor

GnRH Gonadotrophin-releasing hormone

HB-EGF Heparin-Binding Epidermal Growth Factor

HER Human Epidermal growth factor Receptor

HRG Heregulins

IGFR Insulin-like growth factor receptor
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IHC Immunohistochemistry

JAK Janus kinase (“just another kinase”)

LHRH Luteinizing-hormone-releasing hormone

MAb Monoclonal antibody

MAPK Mitogen activated protein kinase

MET MNNG HOS Transforming gene

NLS Nuclear localization sequence

Nrdp1 Neuregulin receptor degradation protein 1

NRG Neuregulin

NSCLC Non-small-cell lung cancer

PCa Prostate Cancer

PDGFR Platelet-derived growth factor receptor

PI3K Phosphatidylinositol 3-kinase

PKC Protein Kinase C

pRB Retinoblastoma gene product

PSA Prostate-specific antigen

PTEN Phosphatase with tensin homogy

RING Really interesting new gene

RTK Receptor tyrosine kinase

siRNA Small Interfering RNA

TGF Transforming Growth Factor

TK Tyrosine Kinase

TKI Tyrosine kinase inhibitor

TNF Tumor Necrosis Factor

TYK2 Tyrosine kinase-2
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Fig. (1). Molecular mechanisms of castration resistance
Normal prostate and ADPCa cells are dependent on ligand-driven AR activity for their
growth and survival. The AR is activated by binding to its ligands, translocating to the
nucleus, homodimer formation and binding to specific androgen-responsive elements
(AREs) of androgen-responsive genes and modulating their transcription. On the other hand,
CRPC cells activate mechanisms that enable their survival in an environment with castrate
levels of androgen. These include (i) mutations in the AR, (ii) ligand-independent AR
phosphorylation and activation, (iii) increased AR ligand production, (iv) AR gene
amplification and (v) altered functions of AR co-regulatory proteins. Different shapes of the
co-regulators (C) represent different types of coregulators that bind to the AR.
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Fig. (2). ErbB family signaling
Three groups of ligands bind to ErbB family receptors. EGF (epidermal growth factor),
ARG (amphiregulin) and TGF-α (transforming growth factor alpha) bind to ErbB1; BTC
(betacellulin), HB-EGF (heparin-binding EGF-like factor) and EPR (epiregulin) bind to
ErbB1 and ErbB4; NRG-1 and NRG-2 (neuregulins 1, 2) bind to ErbB3 and ErbB4; NRG-3
and NRG-4 (neuregulins 3,4) bind only to ErbB4. Possible receptor pairings are shown (note
that ErbB3 cannot homodimerize owing to its weak kinase activity and ErbB4 is absent in
prostate cancer). ErbB dimers activate pro-survival pathways mediated by Akt (shown here)
as well as other pathways not shown. ErbB3 is unique because it binds directly to PI3K
which in turn associates directly with and activates Akt, which is directly known to stimulate
cell survival.
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Fig. (3). Schematic of ErbB structure
All members have a large extracellular ligand-binding region (consisting of subdomains I-
IV), a single, small intracellular transmembrane-spanning region (which precedes the
cytoplasmic tyrosine kinase domain) and a C-terminal tail, which houses the docking (ie
phosphorylation) sites for phosphotyrosine-binding effector molecules. Subdomains I and III
are leucine-rich repeats that function in ligand binding (also called L1 and L2), whereas
subdomains II and IV are laminin-like, cysteine-rich domains (also called CR1 and CR2).
The monomeric ErbB receptor is autoinhibited by the interaction of domain II with domain
IV. This keeps subdomains I and III apart and prevents ligand binding by disrupting the
ligand-binding pocket and burying the dimerization loop of domain II. Ligand binding
relieves these inhibitory interactions and encourages dimerization by allowing the loop from
domain II of one monomer to access the docking site on domain II of a second, ligand-
bound monomer. The receptor dimer is thus stabilized, the kinase domain is activated and
specific tyrosine residues within the cytoplasmic tail are phosphorylated. These
phosphorylated residues serve as docking sites for a range of proteins and the subsequent
activation of intracellular signalling pathways.
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Fig. (4). NRG activation of ErbB3
ErbB3 has a high affinity for NRG and this is greatly increased by dimerization with
ERBB2. As with the other ErbBs, in the absence of ligand, a direct intramolecular
interaction between domains II and IV keeps ErbB3 in a closed (locked or tethered)
conformation that prevents interaction between domains I and III. This conformation
disrupts the ligand-binding pocket and buries the dimerization arm of domain II. ErbB2 is
inherently unable to dimerize because of a strong interaction between domains I and III
which leads to a constitutively extended dimerization arm. ErbB2 is therefore constantly
primed for interactions with ligand-bound receptors of the ErbB family. In the presence of
NRG, the dimerization loop from domain II of ErbB3 extends to interact intramolecularly
with a ligandless, primed ErbB2 monomer to form the oncogenic ErbB2-ErbB3 heterodimer.
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Fig. (5). AR controls ErbB3 levels via transcriptional control of the E3 ubiquitin ligase Nrdp1
Activated AR enters the nucleus and binds to androgen response elements (ARE) in the
Nrdp1 promoter region, initiating transcription of that molecule. Nrdp1 thus produced
attaches ubiquitin to ErbB3 and marks it for proteasomal degradation, thereby regulating
receptor levels. This regulation occurs in castration-sensitive PCa but is lost en route to
castration-resistance. As a result, ErbB3 levels remain sufficiently high and continue to
drive tumorigenic growth.
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Fig. (6). Inhibition of ErbB3 signaling using a multi-receptor targeting approach
The simultaneous inhibition of ErbB1 and ErbB2 in PCa will leave no dimerization partner
for ErbB3 and halt its oncogenic signaling. The only possible ErbB dimers in PCa are EGFR
homodimers and ErbB1-ErbB2, ErbB2-ErbB3, and ErbB1-ErbB3 heterodimers (see text).
All these dimers would stimulate cell survival, for example, though the PI3K/Akt pathway
(shown) as well as by other pathways (not shown). ErbB1 inhibitors would disrupt ErbB
homodimers and ErbB1-ErbB2 and ErbB1-ErbB3 homodimers, but signaling would still
continue through the ErbB2-ErbB3 heterodimers. Similarly, ErbB2 inhibitors would prevent
signaling downstream of ErbB1-ErbB2 and ErbB2-ErbB3 heterodimers but allow signaling
downstream of EGFR homodimers and ErbB1-ErbB3 heterodimers. However, dual
inhibition of both EGFR and ErbB2 would inhibit all 4 dimers, thereby eliminating cell
survival downstream of the ErbB receptors.
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Table 1

List of ErbB Inhibitors Described in this Review

Name of Drug Class Target Current Status

MM-121 Monoclonal humanized ErbB3
antibody

ligand-dependent ErbB3 activation Phase II for triple-negative
breast cancer, Phase I/II for
advanced NSCLC, Phase I
for gynaecological cancers

AMG-888 (U3-1287) Monoclonal humanized ErbB3
antibody

ligand-induced phosphorylation of ErbB3 Phase I for advanced
NSCLC and advanced solid

tumors

Canertinib (Cl-1033) irreversible pan-ErbB TKI ErbB tyrosine kinase domain Phase II for refractory
metastatic breast cancer and

advanced NSCLC

MP-470 pan-ErbB inhibitor (ErbB1, 2, 3) ErbB phosphorylation Phase I for advanced solid
tumors

AZD8931 reversible pan-ErbB inhibitor
(ErbB1, 2, 3)

ErbB phosphorylation Phase I for advanced solid
tumors, Phase II for breast

cancer

Trastuzumab (Herceptin) monoclonal humanized ErbB2/
ErbB3 antibody

ligand-dependent ErbB3 activation
(prevents ErbB3/ErbB2 dimerisation)

FDA-approved for
metastatic breast cancer

Erlotinib (Tarceva) reversible ErbB 1 TKI Prevents ATP binding to ErbB 1 TK
domain

FDA-approved for
metastatic NSCLC

Cetuximab (Erbitux) monoclonal humanized ErbB1
antibody

ligand-dependent ErbB1 activation
(prevents ErbB3/ErbB1 dimerisation)

FDA-approved for
irinotecan-refractory colon
cancer and advanced head-

and-neck cancers

Lapatinib (Tykerb) Dual TKI inhibitor (ErbB1, 2) ErbB tyrosine kinase domain FDA-approved for breast
cancer (triple-positive)

PF00299804 pan-ErbB inhibitor (ErbB1, 2, 4) ErbB tyrosine kinase domain Phase II for advanced
NSCLC

Pertuzumab (Omnitarg/2C-4) monoclonal humanized ErbB2
antibody

ligand-dependent ErbB2 activation
(prevents ErbB3/ErbB2 dimerisation)

Phase II for advanced solid
tumors

Gefitinib (Iressa) reversible ErbB1 TKI Prevents ATP binding to ErbB1 TK
domain

FDA-approved for
metastatic NSCLC
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Dual EGFR/HER2 inhibition sensitizes prostate cancer cells to
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Abstract
Purpose—Patients with recurrent prostate cancer (PCa) are commonly treated with androgen
withdrawal therapy (AWT); however, almost all patients eventually progress to castration resistant
prostate cancer (CRPC), indicating failure of AWT to eliminate androgen-sensitive PCa. The
overall goal of these studies is to determine whether dual inhibition of the receptor tyrosine
kinases EGFR and HER2 would prolong the effectiveness of this treatment in PCa.

Experimental Design—We used androgen-dependent LNCaP cells and its CRPC sublines
LNCaP-AI and C4-2. Additional data were collected in pRNS-1-1 cells stably expressing a mutant
androgen receptor (AR-T877A), and in nude mice harboring CWR22 tumors. Studies utilized
EGFR inhibitors erlotinib and AG1478, and HER2 inhibitors trastuzumab and AG879.

Results—Dual EGFR/HER2 inhibition induced apoptosis selectively in androgen-sensitive PCa
cells undergoing AWT, but not in the presence of androgens, or in CRPC cells. We show that
AWT alone failed to induce significant apoptosis in androgen-dependent cells, due to AWT-
induced increase in HER2 and ErbB3, which promoted survival by increasing Akt
phosphorylation. AWT-induced ErbB3 stabilized the AR and stimulated PSA, while it was
inactivated only by inhibition of both its dimerization partners EGFR and HER2 (PCa cells do not
express ErbB4); but not the inhibition of any one receptor alone, explaining the success of dual
EGFR/HER2 inhibition in sensitizing androgen-dependent cells to AWT. The effectiveness of the
inhibitors in suppressing growth correlated with its ability to prevent Akt phosphorylation.

Conclusions—These studies indicate that dual EGFR/HER2 inhibition, administered together
with AWT; sensitize PCa cells to apoptosis during AWT.

Keywords
HER1; ErbB2; HER3; PKB; Androgen Receptor

INTRODUCTION
Androgen withdrawal therapy (AWT) is currently the standard of care for men with
advanced prostate cancer (PCa) (1); however, it was found that in most patients its effects
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typically last 18–24 months, after which the patient developed resistance to such therapy
(castration resistant prostate cancer; CRPC). Although some groups reported increased
apoptosis in prostatic tissue following AWT (2, 3), others found no increase in apoptotic
indices in the majority of tumors (4, 5), although proliferation indices were consistently
suppressed (2, 4). These studies, therefore, concluded that “androgen deprivation may act
through suppression rather than ablation of prostatic cancers” (5, 6). These reports indicate
that failure to undergo apoptosis during AWT maybe a major cause of resistance of PCa
cells to this therapy. Surviving cells likely undergo growth arrest and lie dormant following
AWT, but will revive when an alternate growth stimulant comes to release it from this
growth arrest, as was demonstrated in a CWR22 xenograft model (7, 8). Therefore, adjuvant
therapy that causes apoptosis during AWT would impede the onset of CRPC.

Here we investigate the role of ErbB inhibitors in this effect. The ErbB family of four
closely related type 1 transmembrane tyrosine kinase receptors include the epidermal growth
factor receptor (EGFR/HER1/ErbB1), and related family members ErbB2 (HER2/neu),
ErbB3 (HER3) and ErbB4 (HER4) (9). The ErbB receptors are activated by ligand binding,
dimerization and phosphorylation. EGFR, ErbB3, ErbB4, but not HER2, have specific
ligands, such as EGF for EGFR and heregulins (HRG1-4) for ErbB3 and ErbB4 (9).
However, ErbB3 lacks significant kinase activity; hence both HER2 and ErbB3 require
heterodimerization, with each other or the other ErbB receptors, for phosphorylation and
activation. Significantly, PCa cells typically lack ErbB4 expression, but express high levels
of ErbB3 (10, 11).

EGFR and HER2 are known to regulate cell proliferation, differentiation, angiogenesis and
survival (12); however, in clinical trials for patients with CRPC, studies using selective and
specific inhibitors of individual receptors did not show any significant effect (13–17). In
recent times, a number of dual EGFR/HER2 inhibitors have been developed, and were found
to be more effective against PCa cells and animal models compared to the single inhibitors
(18, 19). Tyrosine phosphorylation of HER2 and ErbB3, transactivation of the androgen
receptor (AR), and cell proliferation induced by heregulin were more potently inhibited by
the EGFR/HER2 dual tyrosine kinase inhibitor GW572016 (lapatinib) than the EGFR-
specific inhibitor gefitinib (20, 21). Despite the success of the pre-clinical studies, in phase
II single-agent clinical trials, lapatinib was fairly well-tolerated and resulted in stable disease
for 12 weeks but evidenced no decrease in prostate specific antigen (PSA), an AR
transcriptional target, in patients with hormone sensitive PCa (22) or in unselected patients
with CRPC, as measured by PSA (23).

Here, we concentrate on the effects of dual EGFR/HER2 inhibitors and the conditions under
which they are effective. It is known that AR function at low levels of androgen is mediated
not by EGFR, but by the heterodimerization of HER2 with ErbB3 (18). Sergina et al
demonstrated that ErbB3 was upregulated and provided compensatory signaling precisely in
response to EGFR/HER2-directed tyrosine kinase inhibitor (TKI) treatment (24). Indeed,
ErbB3-directed RNA inhibition duly restored the pro-apoptotic effects of TKIs (24). These
reports suggested that the failure of EGFR and HER2 inhibitors may be due to the activation
of ErbB3 in these tumors. Studies conducted in vitro (25, 26), in animal models (6), and in
clinical specimens (27) indicate an increase in Akt phosphorylation during AWT which
promotes cell survival. Based on these reports we investigated whether dual EGFR/HER2
inhibitors were effective when they downregulated ErbB3 and/or Akt phosphorylation, and
whether they impede PCa progression to CRPC by inducing cell death during AWT.
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MATERIALS AND METHODS
Cell Culture and Pharmacological Treatments

Androgen-dependent LNCaP prostate cancer cells were purchased from American Type
Culture Collection (ATCC, Manassas, VA), and C4-2 cells were obtained from UroCor
(Oklahoma City, OK). Castration resistant clones of LNCaP cells (LNCaP-AI cells) have
been described by us elsewhere (11, 25). pRNS-1-1 cells were also described earlier (11,
28). Recombinant human epidermal growth factor (EGF) and insulin-like growth factor 1
(IGF-1) were obtained from Invitrogen, (Carlsbad, CA), recombinant human heregulin 1
(HRG1) was from PeproTech INC. (Rochy Hill, NJ). AG1478 and AG879 were from
Calbiochem, EMD Chemicals, Inc. (Gibbstown, NJ). Erlotinib (Tarceva) was provided by
OSI Pharmaceuticals, Inc. (Melville, NY), and also was obtained from LC Laboratories
(Woburn, MA), while trastuzumab (Herceptin) was a gift from Genentech, Inc. (South San
Francisco, CA). Bicalutamide (Casodex) was kindly provided by AstraZeneca (Cheshire,
UK), while lapatinib was purchased from LC Laboratories (Woburn, MA). Rabbit
polyclonal EGFR, HER2, ErbB3, β-actin and AR antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA). Rabbit polyclonal anti-phospho-Akt (Ser 473), anti-
phospho-EGFR (Y1068), anti-phospho-HER2 (Y1248), phospho-ErbB3 (Y1289), α-tubulin
and Akt antibodies were from Cell Signaling Technology (Beverly, MA). Transfections and
plasmids used have been described earlier (11). Human Akt1 siRNA was obtained from
Santa Cruz Biotechnology, Santa Cruz, CA against the sequence: 5’-
ACGAGGGGAGUACAUCAAGAC-3’.

Mouse Studies—4–5-week old Balb/c athymic nude-Foxn1nu (nu/nu) male mice were
obtained from Harlan Sprague Dawley, Inc. (Indianapolis, IN). Suspensions of CWR22 cells
were mixed in 50% Matrigel solubilized basement membrane (BD Biosciences, Bedford,
MA) and xenografts were established by subcutaneous injections of 2.5 × 106 cells/site into
the flanks. When palpable tumors were observed, animals were treated with (i) vehicle or
(ii) a combination of erlotinib (0.8 mg/Kg, 100 µl per dose, 5 times per week by oral
gavage) and trastuzumab (20 mg/Kg, 90 µl per dose, 2 times per week by i.p. injection),
dissolved in a solution of phosphate buffered saline (PBS) and 0.5% Tween 20. 3 days after
start of drug regimen, the animals were castrated by bilateral scrotal excision, following
isoflurone-anesthetization. Control animals were sham-operated by opening the animals
surgically, but no tissues were removed. Drug administration was continued post-surgery,
but after 8 days, the mice were euthanized, tumors were collected and divided into sections
for paraffin-embedding and snap-freezing in liquid nitrogen. Mice were weighed and blood
was collected periodically and PSA levels measured by a standard ELISA kit (Fitzgerald
Industries Intnl., Acton, MA).

Immunohistochemistry and Statistical Analysis—We used rabbit polyclonal anti-
ErbB3 (C-17) (1:100 dilution) antibodies from Santa Cruz Biotechnology, Santa Cruz, CA,
Ki67 was from DAKO (Carpinteria, CA), while TUNEL kit was from Millipore (Billerica,
MA). For negative controls we used a Universal Rabbit IgG control (DAKO) in place of the
primary antibody. Diaminobenzidine (DAB) was used as a chromogen, and counterstaining
was with hematoxylin. Only the epithelial cells were scored. The extent of staining was
scored 0–3, where 0 represented no staining, +0.5 represents low (<20% staining), +1
represent intermediate (30–50%), +1.5 (50–70%) and +2 represent high staining (>80%). To
evaluate the differences in staining expression in the three diagnostic groups, we used t-tests
with a Welch approximation. Columns represent the mean ± standard deviation of samples
from each group.
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Flow cytometry and MTT assay—MTT and flow cytometric analysis was carried out as
described earlier (11, 29, 30). Proliferation was estimated in propidium iodide stained
ethanol-fixed cells by MODFIT (Verity software, Topsham, ME), while the rate of apoptosis
induction was estimated in live cells staining with Annexin V by CellQuest V3.1 (Becton-
Dickinson, Franklin Lanes, NJ).

RESULTS
Dual EGFR/HER2 inhibition sensitized androgen-dependent prostate cancer cells, but not
castration resistant lines, to apoptosis by androgen withdrawal

We first compared the individual effects of the HER2 inhibitor trastuzumab (21 µg/ml), and
the EGFR inhibitor erlotinib (10 µM), to dual inhibition with both drugs in androgen
dependent LNCaP PCa cells. The drug combination caused cell cycle arrest in LNCaP cells
following 48 hours of treatment in FBS medium (Figure 1A, upper). Culture in CSS, where
androgen levels are significantly lower, also induced cell cycle arrest, but very little
apoptosis, in these cells. However, the combination of trastuzumab and erlotinib, but not the
individual drugs, induced 10-fold higher apoptosis in LNCaP cells in CSS-containing media
(Figure 1A, lower). The overall effect is that, in FBS, dual EGFR/HER2 inhibition
prevented cell number increase, whereas upon culture in CSS, additionally, there was a
decrease in cell numbers indicating cell death (Supplemental Figure 1A). Unlike LNCaP
cells, however, its CRPC sublines C4-2 (Figure 1A, lower) or LNCaP-AI (Supplementary
Figure 1B), which have higher AR transcriptional activity (25), did not respond to dual
inhibition of EGFR and HER2 even in CSS. Similarly, LNCaP cells underwent apoptosis in
response to the dual EGFR/HER2 inhibitor lapatinib in CSS, but not in FBS, while its CRPC
subline C4-2 cells were resistant to apoptosis by this drug (Supplementary Figure 2). Dual
EGFR/HER2 inhibition prevented cell growth in FBS in AR-negative pRNS-1-1 cells stably
transfected with vector only, but not those expressing AR(T877A), an androgen-sensitive
active mutation found in LNCaP cells (Figure 1B). However, in CSS, where AR was
inactive, this treatment inhibited growth, despite the presence of the AR(T877A) mutant
(Figure 1B). These results indicate that AR activity suppresses the effects of ErbB inhibitors.

Androgen withdrawal stimulates, while dual EGFR/HER2 inhibition suppresses, ErbB3
levels

48 hour treatment with erlotinib (10 µM), but not trastuzumab (21 µg/ml) inhibited EGF-
stimulated EGFR phosphorylation, whereas trastuzumab, but not erlotinib, affected the
expression of HER2 (Figure 2A, left). On the other hand, the combination, but not the
individual drugs, inhibited ErbB3 phosphorylation, and reduced ErbB3 levels (Figure 2A,
right) also (Supplementary Figure 3A). Since PCa cells do not express ErbB4
(Supplementary Figure 3B) (10), we examined the effects of AWT on the levels of the other
ErbB receptors. There was no significant change in EGFR levels upon culture in CSS,
however, both HER2 and ErbB3 levels increased significantly as AR levels declined (Figure
2B, upper panels) (also Supplementary Figure 3C). Consistent with previous findings (6,
26), we saw a concomitant increase in Akt phosphorylation (Ser 473) in LNCaP (Figure 2B,
upper). However, AWT caused no change in ErbB3 in LNCaP-AI cells, which expressed
both higher AR (11) and ErbB3 (Figure 2B, lower panels). Comparison of LNCaP vs
LNCaP-AI showed that the latter expressed higher levels of HER2 and ErbB3, and also
higher ErbB3 phosphorylation (Figure 2C). Taken together, these results indicate that in
LNCaP cells, but not its CRPC subline, ErbB3 levels increase during AWT whereas it is
suppressed by dual EGFR/HER2 inhibition.
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Dual EGFR/HER2 inhibition suppresses ErbB3 and PSA levels in CWR22 xenografts in
nude mice

CWR22 xenografts were established in 4–5 month old male nude mice, and when the tumors
were palpable, the animals were treated with vehicle only or with erlotinib (0.8 mg/Kg, 5
times per week) and trastuzumab (20 mg/Kg, 2 times per week) in combination. The animals
were castrated, or sham operated, 3 days after the drugs were started, but drug treatments
were continued until the end. The animals were divided as: (a) vehicle only, sham operated
(n=6), (b) vehicle only, castrated (n=6) and (c) drug-treated, castrated (n=6). CWR22 tumors
shrink rapidly following castration, hence to obtain sizable tumors that can be analyzed; the
animals were sacrificed 8 days after the procedure. Serum levels of prostate specific antigen
(PSA), a clinical indicator of AR activity in the prostate, were analyzed in blood drawn (i) at
the beginning of the study, (ii) on the day of castration/sham operation, and (iii) at the end of
the study (Figure 3A, upper). In vehicle-treated, sham operated animals, PSA levels
increased significantly with time (p=0.049), whereas in castrated animals, the change in PSA
was not significant. In those treated with the drug combination, PSA levels decreased three-
fold. At the end of the study, the difference between PSA levels from castrated animals that
were vehicle treated (16.3 ± 8.3 ng/ml) vs drug treated (4.3 ± 3.2 ng/ml) was significant
(p=0.02), whereas the difference between sham-operated (29.8 ± 7.9 ng/ml) vs control
animals were not (p>0.05).

Staining for ErbB3 in the formalin-fixed and paraffin-embedded (FFPE) sections showed
weak staining in the sham operated mice (n=6) whereas the castrated and vehicle treated
mice showed strong staining (n=6), which was eliminated in the castrated mice treated with
the drug combination (n=5; one of the tumors was too small for analysis) (Figure 3B).
Quantitation of the staining levels showed a significant increase in ErbB3 levels from sham
operated, vehicle treated (0.63 ± 0.43) to castrated, vehicle treated tumors (1.33 ± 0.26)
(p=0.009), which was reduced 40% in tumors treated with the drugs in castrated animals
(0.8 ± 0.45) (p=0.05) (Figure 3C). Castration suppressed proliferation and induced apoptosis
in these animals, as indicated by Ki67 and TUNEL staining (Supplementary Figure 4),
respectively, whereas both effects were enhanced by treatment with the drug combination
(Figure 3D). These results confirm that dual EGFR/HER2 inhibition reduce ErbB3 levels
and reduces serum PSA levels.

ErbB3 overexpression stabilizes androgen receptor levels and promotes castration
resistant cell growth mediated by Akt

LNCaP cells overexpressing ErbB3 grew at a much faster rate compared to parental LNCaP
cells (Figure 4A, upper) and were not growth inhibited by the AR antagonist bicalutamide
(Casodex) even at 10 µM (Figure 4A, middle) indicating androgen-independent cell growth.
Flow cytometric analysis revealed this to be due to an increase in the percentage of cells
entering the cell cycle (increased S-phase) which was not impeded by bicalutamide (Figure
4A, lower). Although culture in CSS-containing medium causes a decrease in the levels of
the AR in LNCaP cells, increased expression of ErbB3 in the same cells maintained AR
levels (Figure 4B). Since ErbB3 is a known inducer of Akt phosphorylation (29), we
examined the role of Akt in ErbB3-mediated cell growth. Increased ErbB3 stimulated Akt
phosphorylation (Figure 4C), while downregulation of Akt expression by siRNA suppressed
ErbB3-induced proliferation in LNCaP cells (Figure 4D), thereby indicating that Akt
phosphorylation mediated the regulation of LNCaP cell growth by ErbB3.

Resistance to growth inhibition by dual EGFR/HER2 inhibition correlates with the ability of
the inhibitors to suppress Akt phosphorylation

LNCaP-AI cells expressed higher levels of Akt phosphorylation compared to parental
LNCaP cells (Figure 5A, upper). Treatment with the combination of trastuzumab and
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erlotinib, but not the individual drugs, significantly inhibited heregulin 1β (HRG1)-induced
Akt phosphorylation in LNCaP cells, but not in LNCaP-AI (Figure 5A, lower). Similarly,
the same combination inhibited Akt phosphorylation in parental pRNS-1-1 cells which lack
a functional AR, whereas in cells that express AR(T877A), the drug combination failed to
inhibit Akt activity (Supplementary Figure 5A). These results correlate Akt phosphorylation
with the growth inhibitory effects of the combination of trastuzumab and erlotinib. In
addition, the tyrphostins AG1478 (EGFR inhibitor) and AG879 (HER2 inhibitor) (Figure
5B, upper), in combination, inhibited Akt phosphorylation in CSS-, but not in FBS-
containing medium (Figure 5B, lower). Similar to trastuzumab and erlotinib, the
combination of AG1478 and AG879, but not the individual drugs, suppressed growth of
pRNS-1-1(ART877A) cells in CSS-containing medium, whereas they had little or no effect
on cell growth in FBS-containing medium (Figure 5C). On the other hand, LNCaP-AI cells
were not growth arrested by the latter combination (Supplementary Figure 5B). These
results indicate that suppression of cell growth by the drug combination correlates with
inhibition of Akt phosphorylation.

Suppression of Akt phosphorylation sensitizes castration resistant prostate cancer cells
to dual EGFR/HER2 inhibition

Finally, we investigated methods of overcoming the resistance of PCa cells to ErbB
inhibitors. Since LNCaP-AI are not sensitive to dual inhibition of EGFR and HER2, and
expressed higher ErbB3 compared to LNCaP, we investigated whether the increase in ErbB3
contributed to this resistance. Similar to the effects of a combination of erlotinib and
trastuzumab, the combination of AG1478 and AG879 impeded the increase in cell numbers
but did not reduce them below initial levels in LNCaP cells cultured in FBS (Figure 6A,
upper), indicating growth arrest but not cell death. However, when the same cells were
cultured in CSS, there was a 50% decrease in cell numbers indicating cell death (Figure 6A,
lower). On the other hand, culture in CSS failed to have a similar effect in LNCaP cells
overexpressing ErbB3 (Figure 6B), indicating that ErbB3 increase induced resistance to this
drug combination. In support of a role for Akt phosphorylation in this process, LNCaP cells
cultured in CSS experienced increasing Akt phosphorylation over a period of 5 days when
exposed to vehicle alone whereas when they were exposed to the combination of AG1478
and AG879, Akt phosphorylation was significantly impeded (Figure 6C, upper). On the
other hand, in LNCaP-AI cells resistant to this drug combination (Supplementary Figure
5B), the increase in Akt phosphorylation in response to CSS exposure was not affected
(Figure 6C, lower). The fact that Akt phosphorylation increased upon CSS treatment in
LNCaP-AI cells whereas ErbB3 levels did not (Figure 2B) indicates that other factors also
contribute to Akt phosphorylaiton in CRPC. Our results indicated that, failure of dual
EGFR/HER2 inhibition to induce apoptosis resulted from a failure of the same drugs to
downregulate Akt phosphorylation. In support, AG1478 and AG879 in combination was not
effective in inducing apoptosis in LNCaP-AI cells in the presence of control siRNA (9.89%
in control siRNA vs 13.25% in control siRNA + AG1478 + AG879), whereas Akt siRNA
alone induced a significant increase in Annexin V staining (28.28%) which was further
increased in the presence of the drugs (44.65%) (Figure 6D).

DISCUSSION
Previous studies showed that the dual EGFR/HER2 inhibitor lapatinib evidenced no
decrease in PSA in patients with hormone sensitive PCa (22) or in unselected patients with
CRPC (23). The goal of this study was to determine whether dual EGFR/HER2 inhibition
has any role in the prevention of disease progression in PCa. We demonstrate that androgen-
dependent PCa cells with low ErbB activity do not show substantial response to ErbB
inhibitors, whereas during AWT, ErbB2 and ErbB3 levels increase, which regulates Akt
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phosphorylation and also cell survival. Hence, during this period, if the increase in these
receptors is inhibited by dual EGFR/ErbB2 inhibition, which also inhibits ErbB3
phosphorylation, the increase in Akt phosphorylation and survival can be prevented.
However, once ErbB3 levels have increased, the same drugs fail to affect the levels of Akt
phosphorylation, thereby indicating that they can inhibit de novo activation of ErbB3 but
cannot dephosphorylate the receptor after it is activated.

Although individual EGFR and HER2 inhibitors had differential effects on PCa cells, the
overall effect of dual inhibition was similar. The difference between various inhibitors of the
same receptor may be attributed to the strength of the binding of these inhibitors to the
receptor. We see that in both cases, the drug combinations resulted in a decrease in Akt
phosphorylation. Since ErbB4 is lost in PCa, the ErbB dimers formed in this disease include
EGFR homodimers and EGFR-HER2, HER2-ErbB3 and EGFR-ErbB3 heterodimers
(discussed in details in (31)). All contribute to survival of PCa cells; hence inhibition of only
one receptor will not prevent downstream signaling. Our data shows that inhibition of both
EGFR and HER2 is required to prevent ErbB3 signaling, likely by preventing its
dimerization. Since only ErbB3 but not EGFR or HER2 have p85 PI3K binding sites (9), the
majority of the Akt signaling may be downstream of ErbB3 dimerization with EGFR or
HER2, which will be inhibited only upon dual inhibition. ErbB3 monoclonal antibodies such
as MM-121 are currently in development (32), and are also likely to succeed in combination
with other ErbB inhibitors such as lapatinib.

We show that in cells expressing high AR, either hormone-naïve cells never exposed to
AWT, or in CRPC cells that have high AR transcriptional activity, dual ErbB inhibition is
unable to inhibit Akt phosphorylation and cell survival. In a previous study, we had shown
that in hormone-naïve cells, the AR suppresses ErbB3 levels by transcriptionally regulating
the ErbB3 inhibitor Nrdp1 (11). Since ErbB3 is capable of inducing AR-independent cell
growth, this is likely an attempt by the AR to suppress AR-independent signaling. Hence, in
androgen-dependent cells growing in the presence of high androgen levels, cell-survival is
AR-dependent and not ErbB3-dependent. Therefore, inhibition of ErbB3 or its binding
partners will not affect cell growth or survival. On the other hand, when AR levels decreased
during AWT, ErbB3 levels rebound and cell growth becomes dependent on signal
transduction downstream of this receptor. Therefore, if at this time, ErbB3 signaling is
suppressed, cell survival is impacted.

ErbB3 increase during AWT likely as an attempt to prevent AR decrease. In this study, we
show that ErbB3 stabilize AR levels; thereby preventing its decrease in low-androgen
medium. Further studies are required to see whether this is the mechanism by which ErbB3
promotes androgen-independent cell growth, but if so, it will explain why, in some CRPC
cells, growth is still AR dependent, but not androgen dependent, as has been demonstrated
by other labs (33, 34). Despite this, it appears that the ErbB3-stabilized AR is incapable of
downregulating ErbB3 (which is reasonable, if it requires that ErbB3 to stabilize it), as we
previously showed (11). Furthermore, once the cell progresses to a CRPC phenotype, it is no
longer capable of responding to dual EGFR/HER2 inhibition to downregulate Akt
phosphorylation downstream of ErbB3. Hence, dual EGFR/HER2 inhibition does not affect
cell survival or even cell growth in CRPC cells.

In CRPC cells, the effects of ErbB receptors and the AR are compounded by high Akt
phosphorylation (29). Akt is induced by other factors including IGF, hence in CRPC cells,
which are associated with multiple changes in cell signaling pathways (see (35) and
references within), it is likely that the cells have become adept at kinase switching, resulting
in activation of multiple cell survival pathways. As a result, in these cells, dual EGFR/HER2
inhibition will not prevent all aberrant Akt phosphorylation. Therefore, our goal is to prevent

Chen et al. Page 7

Clin Cancer Res. Author manuscript; available in PMC 2012 October 1.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the increase in aberrant Akt phosphorylation, and PSA progression, indicative of relapse,
following AWT, by using the dual inhibitors during and not after this treatment. The clinical
and therapeutic consequences of such a treatment could be quite profound. A 2009 study of
1,078 patients with hormone-sensitive PCa enrolled in SWOG trial 9346, where PSA
progression (PSA-P) was defined as an increase of ≥25% over nadir, median subsequent
overall survival was shown to be 10 months in patients experiencing PSA-P within 7 months
of hormone treatment, vs 44 months for those who did not have PSA-P during this period
(36). Therefore, it is likely that if co-administration of dual EGFR/HER2 inhibitors delays
PSA-P beyond 7 months, we would see a significant increase in PSA progression.

In conclusion, our data indicate that dual EGFR/HER2 inhibition is an effective tool for
sensitizing androgen-dependent PCa cells to apoptosis during AWT, likely preventing PCa
progression to CRPC following AWT treatment, but is not effective in CRPC cells
expressing high Akt phosphorylation. However, this strategy may find utility with the
advent of new therapeutic agents such as abiraterone acetate, a CYP17 inhibitor that blocks
steroid biosynthesis (37), and MDV3100, a more potent AR inhibitor (38). In post-docetaxel
patients, abiraterone increased survival by 3.9 months over controls (37) and it would be of
interest to see whether this leads to an increase in ErbB3/HER2 as well, and whether
prevention of this increase, if any, would further prolong survival. It is clear from the current
study, that the window of opportunity for using ErbB inhibitors in PCa is when ErbB3 is
rising and not when it is stable. The study also demonstrates that potentially effective drugs
if utilized in the wrong clinical setting may be prematurely judged to be ineffective.

STATEMENT OF TRANSLATIONAL RELEVANCE
The goal of these studies is to identify therapeutic strategies that prolong the
effectiveness of androgen withdrawal therapy (AWT) in patients with metastatic prostate
cancer (PCa). Inhibitors of ErbB kinases such as erlotinib, lapatinib and trastuzumab
have been tested in patients with castration resistant prostate cancer (CRPC) and in
hormone-naïve patients, with little effect. Here we present novel data demonstrating that,
instead, dual ErbB inhibitors sensitize PCa to AWT, and are thereby likely to prolong its
effects. We show that during AWT, HER2 and ErbB3 levels increase, resulting in
significant ErbB-dependent survival advantage that allows progression to CRPC.
However, dual EGFR/HER2 inhibition, which inhibits their dimerization partner ErbB3
as well, induced apoptosis in cells undergoing AWT, despite ineffectiveness in hormone-
naïve cells and in cells that have already progressed to CRPC. Our data indicate that
administration of dual EGFR/HER2 inhibitors in PCa patients undergoing AWT may
impede the onset of CRPC.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Androgen withdrawal sensitized prostate epithelial cells to apoptosis by the
combination of trastuzumab and erlotinib
(A) LNCaP cells were cultured in the presence of FBS or CSS for 48 hours together with
trastuzumab (21µg/ml), erlotinib (10µM), or combinations thereof. The cells were collected
and analyzed by flow cytometry to determine (upper) the fraction of cells in S-phase (which
indicates proliferation) and (lower) those undergoing apoptosis (data presented represent
fold changes over control cells treated with DMSO alone, 1.1% in LNCaP 3.48% in C4-2
cells). (B) (upper panel) MTT assay was used to determine the cell growth rate of parental
pRNS-1-1 cells with the combination of Erlotinib (10 µM) and/or Trastuzumab (21 µg/ml)
for 24 hours. (Lower panels) MTT assay to determine the effect of Erlotinib and/or
Trastuzumab in the presence of (middle panel) medium containing FBS (lower panel) or
CSS in pRNS-1-1 cells transfected with mutant AR (T877A). Data represents mean ± S.D.
for three independent experiments.
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FIGURE 2. ErbB3 inhibition by the combination of erlotinib and Traztuzumab, and its
stimulation by AWT, in LNCaP cells
(A) Western blots demonstrating the effect of erlotinib (10 µM) and Transtuzumab (21 µg/
ml) on ErbB receptor tyrosine kinases. (left) LNCaP cells were serum starved in the
presence of erlotinib and/or trastuzumab for 48 hours, followed by further treatment with 10
ng/ml EGF for 5 mins. Lysates were blotted with anti-phospho EGFR (Y1068) (1st Panel),
anti-EGFR (2nd Panel), or anti-HER2 (3rd Panel) antibodies. (right) Alternately, the cells
were stimulated with 50 ng/ml HRG1 to induce ErbB3 phosphorylation, and immunoblotted
with anti-phospho ErbB3 (1st panel) and anti-ErbB3 (2nd panel). (B) Western blots
demonstrating that AWT causes increased HER2 and ErbB3 expression and phosphorylation
of Akt. LNCaP cells were cultured in FBS-containing medium up to 75% confluence and
then switched to CSS-containing medium for the indicated period of time. Cell lysate was
collected and immunoblotted with antibodies to anti-AR (1st panel), anti-EGFR (2nd

Panel), anti-HER2 (3rd panel), anti-ErbB3 (4th Panel), anti-phospho Akt (Ser 473) (5th

panel), anti-Akt (6th Panel), and anti-β-actin (7th Panel). In contrast to LNCaP, it’s CRPC
subline LNCaP-AI did not experience a similar increase in ErbB3 following AWT (8th

panel). (C) Comparison of the activation and expression of the ErbB receptors expressed in
LNCaP cells and it’s CRPC subline LNCaP-AI. The cells were serum starved for 48 hours
and then EGF (10 ng/ml) (left), or HRG (50 ng/ml) (right) were added for the times
indicated.
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FIGURE 3. The combination of EGFR and HER2 inhibitors inhibited PSA and ErbB3 levels in
CWR22 xenograft-bearing nude mice
(A) (upper panel) Serum PSA was measured in weekly blood draws from the three groups
of animals: sham operated/vehicle treated (n=6), castrated/vehicle treated (n=6) and
castrated/drug treated (n=5), (lower panel) while their body weight was monitored to
determine overall health. (B) Representative ErbB3 stainings of tumors extracted from
(upper) sham operated (this section was scored +1), (middle) castrated/vehicle treated (this
section scored +2) and (lower) castrated/trastuzumab+erlotinib treated (this section scored
+0.5) mice (20X). (C) The scores from each group were statistically analyzed to determine
overall effects. Castrated/ vehicle treated mice had a significant overall increase in mean
ErbB3 levels (1.33 ± 0.26, n=6) compared to sham operated animals (0.63 ± 0.43, n=6),
p=0.009; which decreased again (0.8 ± 0.45, n=5) in castrated/ drug treated mice (p=0.05).
(D) Ki67 and TUNEL staining to determine levels of proliferation and apoptosis in CWR22
xenograft tumors in the same three groups. There was a significant decrease in nuclear
staining for both Ki67 (p=0.0027) and TUNEL (p=0.0037) in cells from tumors extracted
from the castrated+trastuzumab+erlotinib group compared to the sham castrated (intact)
group (n=6).
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FIGURE 4. Increased ErbB3 levels induce castration resistant cell growth mediated by Akt and
androgen receptor stabilization
(A) (upper) MTT assay showing the growth of LNCaP cells transfected with an empty
vector or with pcDNA3-ErbB3 cultured in FBS over 6 days. (middle) MTT assay showing
the growth rate of LNCaP-ErbB3 cells cultured with DMSO (control) or 10 µM
bicalutamide (Casodex). All data in this series is representative of three independent
experiments. (lower) Flow cytometric analysis showing that LNCaP cells expressing
pcDNA3 alone were responsive to bicalutamide-induced growth arrest whereas those
expressing high ErbB3 levels did not. “*”: p=<0.05. (B) LNCaP cells transfected with vector
(pCDNA3) or overexpressing ErbB3 were cultured in FBS-containing medium until 70%
confluent, then switched to medium containing CSS and collected after the periods shown.
AR and tubulin (loading control) levels were determined by Western blotting. (C) LNCaP
cells were stably transfected with vector alone or with a plasmid expressing ErbB3, and
demonstrates an increase in ErbB3 levels in the latter cells as well as an increase in Akt
phosphorylation. (D) ErbB3 mediated cell growth was dependent on Akt activation. LNCaP
cells transfected with vector alone or ErbB3 plasmid were subjected to treatment with
control or Akt siRNA. The effect of Akt siRNA on Akt levels are shown in the inset.
Growth rates were estimated after 4 days of treatment by MTT assay.
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FIGURE 5. Akt phosphorylation at Ser 473 correlates with the ability of ErbB inhibitors to
impede cell growth
(A) (upper) LNCaP-AI cells experience increased levels of Akt phosphorylation (Ser 473)
compared to LNCaP. LNCaP-AI cells were serum starved and then treated with 10 ng/ml
IGF-1 for various times as shown. Note the increase in Akt phosphorylation at Ser 473 with
time. (lower) Western blots demonstrating the effect of erlotinib (10 µM) and trastuzumab
(21 µg/ml) on LNCaP and LNCaP-AI cells. Cells were grown to 75% confluence, and then
serum starved for 48 hours in the presence of erlotinib or trastuzumab or both. The cells
were then further treated with 50 ng/ml HRG1 for 15 mins, to stimulate Akt phosphorylation
downstream of ErbB3 activation, cell lysates collected and immunoblotted with antibodies
to anti-phospho Akt (Ser 473) (1st, 3rd Panels), and total Akt (2nd, 4th Panels). (B) (upper)
Western blots demonstrating the specificity and selectivity of AG1478 and AG879 on the
activation of EGFR and HER2 respectively. Serum starved LNCaP cells were treated with
vehicle (DMSO), 5 µM AG1478 or 2 µM AG879 for 48 hours followed by further treatment
with PBS or 10 ng/mls EGF for 5 mins. EGF induced the phosphorylation of both EGFR
(Tyr1068) and HER2 (Tyr1248). (lower) LNCaP cells cultured in FBS or CSS were treated
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with the two drugs for 3 or 5 days. Western blotting shows that in the presence of FBS, there
was no effect of the drugs, alone or in combination, on Akt phosphorylation whereas in
CSS, Akt phosphorylation at Ser 473 was significantly affected. (C) MTT assay was used to
determine the cell growth rate with the combination of AG879 (2 µM) and AG1478 (5 µM)
of pRNS1-1 cells stably transfected with a T877A mutant AR grown in medium containing
FBS (left panel) or medium containing CSS (right panel). Data represents mean ± S.D. of
three independent experiments.
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FIGURE 6. ErbB3 overexpression induces resistance to dual EGFR/HER2 inhibition in CRPC,
which can be overcome by Akt downregulation
(A,B) LNCaP cells expressing vector alone, or overexpressing erbB3, were treated with 2
µM AG879, 5 µM AG1478, or both, were cultured in medium containing FBS or CSS. MTT
assays were conducted to determine the effects of the drug combination on cell growth. (A,
upper) In medium containing FBS, where control cells experienced a 2.25-fold increase in
cell number after four days of treatment, those treated with a combination of AG1478 and
AG879 failed to grow (p<0.0001), but showed no decrease in cell numbers. (A, lower)
LNCaP cells transfected with vector only showed a decrease in cell numbers upon culture in
CSS. (B) FBS- or CSS-cultured, ErbB3-transfected LNCaP cells demonstrated comparable
increase in growth rates (2.5-fold increase in growth in 4 days), but dual treatment with
AG1478 and AG879 prevented growth (p=0.004), but did not decrease cell numbers. Data
represents mean ± S.D. of three independent experiments for each point. (C) LNCaP and
LNCaP AI cells were cultured in FBS then switched to CSS-containing medium in the
presence of vehicle (DMSO) or a combination of AG1478 and/or AG879. Cells were
harvested after the indicated period of time, and cell lysates run on 10% SDS-PAGE,
immunoblotted and the blots stained with rabbit polyclonal anti-phospho-Akt (Ser 473)
antibody. (D) Flow cytometric analysis of LNCaP-AI cells following 48 hour treatment with
siRNA duplexes against a scrambled sequence or Akt1 siRNA. Propidium iodide and
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Annexin V-FITC stained cells were then analyzed by flow cytometry to determine the
fraction of cells undergoing apoptosis.
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Abstract
As prostate cancer (CaP) is regulated by androgen receptor (AR) activity, metastatic CaP is
treated with androgen deprivation therapy (ADT). Despite initial response, patients on ADT
eventually progress to castration-resistant CaP (CRPC), which is currently incurable. We
previously showed that cleavage of the 280 kDa structural protein Filamin A (FlnA) to a 90 kDa
fragment, and nuclear localization of the cleaved product, sensitized CRPC cells to ADT. Hence,
treatment promoting FlnA nuclear localization would enhance androgen responsiveness. Here,
we show that FlnA nuclear localization induced apoptosis in CRPC cells during ADT, identifying it
as a treatment tool in advanced CaP. Significantly, the natural product genistein combined
polysaccharide (GCP) had a similar effect. Investigation of the mechanism of GCP-induced
apoptosis showed that GCP induced FlnA cleavage and nuclear localization and that apoptosis
resulting from GCP treatment was mediated by FlnA nuclear localization. Two main components
of GCP are genistein and daidzein: the ability of GCP to induce G2 arrest was due to genistein
whereas sensitivity to ADT stemmed from daidzein; hence, both were needed to mediate GCP’s
effects. FlnA cleavage is regulated by its phosphorylation; we show that ADT enhanced FlnA
phosphorylation, which prevented its cleavage, whereas GCP inhibited FlnA phosphorylation,
thereby sensitizing CaP cells to ADT. In a mouse model of CaP recurrence, GCP, but not vehicle,
impeded relapse following castration, indicating that GCP, when administered with ADT,
interrupted the development of CRPC. These results demonstrate the efficacy of GCP in
promoting FlnA nuclear localization and enhancing androgen responsiveness in CaP.
Endocrine-Related Cancer (2012) 19 759–777
Introduction

Prostate cancer (CaP), both localized and involving

distant metastases, depends on the androgen receptor

(AR) for growth and survival. Therefore, metastatic

CaP is treated with androgen deprivation therapy

(ADT; Catalona 1994); however, patients on this
Endocrine-Related Cancer (2012) 19 759–777

1351–0088/12/019–759 q 2012 Society for Endocrinology Printed in Great
treatment eventually relapse, indicative of the develop-

ment of castration-resistant CaP (CRPC). Although a

number of FDA-approved treatments for CRPC are

currently available, the condition remains essentially

incurable, with high mortality rates. Response rate

to ADT and time to progression, however, vary among
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patients, and therefore, the goal of the present project

was to conduct preclinical studies to identify therapy

that ensures sensitivity to ADT in the majority of

patients, in order to increase the survival rate in this

population.

Previously, we demonstrated that the structural

protein Filamin A (FlnA), which promotes actin stress

fiber formation in the cytoplasm, is localized to the

nucleus of androgen-dependent cells, where it impeded

CRPC development (Wang et al. 2007, Bedolla et al.

2009). 88.4% of metastatic deposits from CRPC

patients expressed cytoplasmic FlnA, whereas 75%

of hormone-naı̈ve localized tumors expressed nuclear

FlnA (Bedolla et al. 2009). In support of these

observations, in vitro studies showed that cytoplasmic

localization of FlnA was associated with increased

cell motility and invasion (Bedolla et al. 2009) whereas

nuclear localization was associated with castration-

sensitive growth (Wang et al. 2007). Our results

indicated that therapies that promoted the induction

of FlnA nuclear translocation would enhance the

effectiveness of ADT. The overall goal of these studies

was to identify a clinically safe drug that can promote

FlnA localization to the nucleus.

Full-length FlnA (280 kDa) is mainly cytoplasmic

and consists of an N-terminal actin-binding domain

followed by 24 repeats, each 96-amino acids long,

interrupted by two hinge domains H1 and H2

(van der Flier & Sonnenberg 2001). Proteolysis of

FlnA by cleavage at H1 between repeats 15 and 16

created a 170 kDa N-terminal fragment and a

110 kDa C-terminal fragment, which was further

cleaved at H2 between repeats 23 and 24, to yield

a 90 kDa fragment, which can translocate to the

nucleus. Surprisingly, FlnA was also found to

localize to the nucleolus, where it inhibited rRNA

production (Deng et al. 2012), but the mechanism

of transportation to that organelle is currently

unknown. The hinge domain of the AR binds to

the C-terminal domain of FlnA at repeats 18–19

and co-localizes to the nucleus (Ozanne et al. 2000,

Loy et al. 2003). Phosphorylation of FlnA at Ser

2152 prevented cleavage of the protein (Gorlin et al.

1990), whereas dephosphorylation of FlnA induced

nuclear localization and promoted sensitivity to ADT

(Wang et al. 2007, Bedolla et al. 2009). Despite the

attractiveness of using FlnA to enhance androgen

sensitivity, the translational potential of these studies,

until now, was impeded by a lack of clinically safe

drugs that prevent FlnA phosphorylation and promote

its cleavage.

Here, for the first time, we show that genistein

combined polysaccharide (GCP), a natural product,
760
induces FlnA nuclear localization. GCP consists of 9%

genistein, 6% daidzein, 2% glycetin, 3% equol, 15%

lipid, 5% protein, and 60% carbohydrate (deVere

White et al. 2010). An initial case study reported that

1.5 g GCP daily for 6 weeks caused tumor regression in

a 63-year-old man presenting with T3, Gleason grade 6

(3C3) CaP, and reduced serum levels of prostate-

specific antigen (PSA) from 19.4 to 10.2 ng/ml in

3 weeks, indicative of reduction in AR activity (Ghafar

et al. 2002). Following this report, the effect of GCP in

CaP was investigated in a number of laboratories.

In vitro and in vivo studies revealed that GCP reduced

cell growth in both androgen-dependent and -indepen-

dent cells (Bemis et al. 2004, Vinall et al. 2007). GCP

markedly suppressed mTOR-p70S6K signaling and

attenuated excessive androgen signaling, which is a

hallmark of advanced CaP (Tepper et al. 2007, Vinall

et al. 2007).

Clinical studies from our institute in men with

localized CaP demonstrated the safety of GCP and

resulted in no change or decline in PSA (deVere

White et al. 2004). In an additional study of GCP

alone in men with a diagnosis of CaP but no prior

treatment, participants showed no evidence of

metastasis; however, serum genistein levels did not

correlate with PSA (deVere White et al. 2010). These

studies encouraged investigation of GCP in advanced

disease. In vitro studies showed that GCP treatment

in combination with AR knockdown (Vinall et al.

2007) or co-treatment with the AR antagonist

bicalutamide (Burich et al. 2008) had enhanced

efficacy. However, the mechanism of enhanced

efficacy of GCP in the absence of androgens was

unknown. Although GCP is known to inhibit the

PI3K/Akt/mTOR pathway, its effect on AR suppres-

sion was independent of this pathway (Tepper et al.

2007). The lack of a mediator of GCP action on the

AR severely impaired efforts to understand its role in

CaP control, until now.

Collaboration between two independent teams

investigating the actions of GCP and FlnA, as shown

here, finally led to the demonstration that GCP targets

FlnA and cleaves this molecule to the 90 kDa

fragment, which can then translocate to the nucleus

and impede relapse following ADT. Our results show

that nuclear localization of FlnA promotes androgen

dependence and that the cooperative effect of GCP and

ADT in CaP results from simultaneous effects of these

two treatments on this molecule both in vitro and

in vivo. Our results therefore identify GCP-induced

FlnA nuclear localization as a therapeutic module that

enhances the efficacy of ADT.
www.endocrinology-journals.org
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Materials and methods

Cell culture and materials

LNCaP and CWR22Rv1 (ATCC, Manassas, VA,

USA), C4-2 cells (Urocor, Oklahoma City, OK,

USA), CWR-R1 cells (Dr Elizabeth Wilson,

University of North Carolina), and PC-346C cells

(Dr W M van Weerden, Josephine Nefkens Institute,

Erasmus MC, Rotterdam, The Netherlands) were

cultured in fetal bovine serum (FBS) or charcoal-

stripped serum (CSS) as indicated. All cell lines used

here were investigated for the presence of contami-

nants and their cellular origins were verified before

use. The following plasmids were used in the

transfections: pCMV-FlnA, FlnA(16–24), and

FlnA(1–15) plasmids kindly provided by Dr E W

Yong, National University of Singapore, Singapore;

PSA-luciferase construct (hPSA-luc) kindly provided

by Dr XuBao Shi, University of California Davis. Cells

were transfected using Lipofectamine 2000 reagent

(Invitrogen) according to the manufacturer’s specifi-

cations based on established protocols.

Materials used

GCP and bicalutamide were kindly provided by

AminoUp, Japan, and AstraZeneca, Cheshire, UK

respectively. PKI(14–22) was from Calbiochem

(Billerica, MA, USA), dihydrotestosterone (DHT)

and genistein were from Sigma–Aldrich, and daidzein

was from Fisher Scientific (Waltham, MA, USA). PKI,

genistein, daidzein, and bicalutamide were dissolved in

DMSO, while DHT was dissolved in ethanol. For

in vitro studies, GCP was dissolved in a solution of

50% DMSO and 50% ethanol, whereas in vivo, it was

provided as a suspension in peanut oil.

Subcellular fractionation

Cells were collected in 0.5 ml Buffer A (10 mM

HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA,

and 0.5 mM dithiothreitol) containing 200 ml 10%

IGEPAL and protease inhibitors (0.1 mM benzami-

dine, 1 mM phenylmethylsulfonyl fluoride (PMSF),

and 10 mg/ml each phenanthroline, leupeptin, aproti-

nin, and pepstatin A). Following 10 min of incubation

at room temperature, the lysates were transferred

to ice and centrifuged at 4 8C at 250 g in a benchtop

refrigerated centrifuge (Eppendorf 5417R) for 5 min

and the supernatant collected as the cytosolic fraction.

The pellet containing the nuclei was resuspended in

150 ml Buffer B (20 mM HEPES, pH 7.9, 0.4 M

NaCl, 1 mM EDTA, and 10% glycerol) containing

the same protease inhibitors and solubilized by
www.endocrinology-journals.org
vigorous shaking using a sonicator at 4 8C for

2 h. The suspension was then centrifuged at 4 8C as

before for 5 min and the supernatant collected as the

nuclear fraction.
Antibodies used

Rabbit polyclonal antibodies against b-actin, AR, cyclin

A, cyclin B, and cyclin D1 were from Santa Cruz

Biotechnology (Santa Cruz, CA, USA). Mouse MABs

against Akt, GAPDH, and a-tubulin along with rabbit

polyclonal antibodies against caspase 3, lamin A,

poly (ADP-ribose) polymerase (PARP), and phospho-

FlnA (S2152) were from Cell Signaling (Beverly,

MA, USA). Mouse monoclonal anti-FlnA antibody

(C-terminal) was from Millipore (Billerica, MA,

USA), rabbit polyclonal anti-FlnA antibody (C-terminal)

(for immunofluorescence) was from Abcam (Cambridge,

MA, USA), and rabbit polyclonal anti-FlnA (N-terminal)

was from Santa Cruz Biotechnology.
RNA inhibition

Anti-FlnA siRNA duplex with the following target

sequence was purchased from Dharmacon Research,

Inc., Lafayette, CO, USA: 5 0-CAACGTTGGTAGT-

CATTGT-3 0. A pool of four duplexes sold as AR

siRNA (Santa Cruz Biotechnology) with the following

sequences: Strand #1: 5 0-CAGUCCCACUUGUGU-

CAAATT-3 0, Strand #2: 5 0-CCUGAUCUGUGGA-

GAUGAATT-3 0, Strand #3: 5 0-GUCGUCUUCGGAA-

AUGUUATT-3 0, and Strand #4: 5 0-GACAGUG-

UCACACAUUGAATT-3 0. Control was a pool of

four scrambled nonspecific siRNA duplex (siCON-

TROL Non-Targeting siRNA Pool, Dharmacon

Research, Inc.).
Analysis of cell proliferation or apoptosis using

flow cytometry

Cells were grown under desired conditions in 60 mm

dishes at 1!106 cells/dish. Flow cytometry was

conducted on FACSCalibur (Becton Dickinson

Immunocytometry Systems, San Jose, CA, USA).

Cells were illuminated with 200 mW of 488 nm light

produced by an argon-ion laser and 635 nm light

produced by a red-diode laser. Fluorescence was read

through a 630/22 nm band-pass filter (for propidium

iodide) or a 661/16 nm band-pass filter (for Annexin

V-Alexa Fluor 647). Data were collected on 20 000

cells as determined by forward and right angle light

scatter and stored as frequency histograms; data used

for cell cycle analysis were further analyzed using

MODFIT (Verity Software, Topsham, ME, USA).
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3-[4,5-Dimethylthiazol-2yl]-2,5-diphenyl-tetrazo-

lium bromide assay

Cells were cultured in 24-well plates and treated

as indicated. Following treatment, each well was

incubated with 25 ml of 5 mg/ml 3-[4,5-dimethylthia-

zol-2yl]-2,5-diphenyl-tetrazolium bromide (MTT;

Sigma–Aldrich) for 1 h in a 5% CO2 incubator at

37 8C, which converted the reactants to formazan in

actively dividing cells. Proliferation rates were

estimated by colorimetric assay reading formazan

intensity in a plate reader at 562 nm.
Western blotting

Whole-cell extracts were prepared by lysing cells in

300 ml cell lysis buffer (50 mM Tris–HCl, pH 7.4,

150 mM NaCl, and 1% NP-40) containing the protease

inhibitors 0.1 mM benzamidine, 1 mM PMSF, and

10 mg/ml each of phenanthroline, leupeptin, aprotinin,

and pepstatin A and phosphatase inhibitors 20 mM

b-glycerol phosphate, 1 mM Na-orthovanadate, and

10 mM NaF. Proteins were quantitated by BCA assay

(Pierce, Rockford, IL, USA) and fractionated on 29:1

acrylamide-bis SDS–PAGE. Electrophoresis was

performed at 150 V for 2 h using mini vertical

electrophoresis cells (Mini-PROTEAN 3 Electro-

phoresis Cell, Bio-Rad). The gels were electroblotted

for 2 h at 200 mA using Mini Trans-Blot Electrophoretic

Transfer Cell (Bio-Rad) onto 0.2 mm polyvinylidene

difluoride membrane (Osmonics, Westborough, MA,

USA). The blots were stained overnight with primary

antibodies at 4 8C and detected by enhanced chemi-

luminescence (Pierce) following incubation with a

peroxidase-labeled secondary antibody (donkey anti-

mouse IgG or goat anti-rabbit IgG, Fc specific, Jackson

ImmunoResearch, West Grove, PA, USA).
Immunofluorescence

Cells were rinsed with PBST (PBS with 0.05% Tween

20) and fixed with ice-cold methanol for 15 min at

room temperature. Fixed cells were washed three times

with PBST and blocked with 10% BSA for 30 min at

room temperature. Primary antibody, prepared in 1%

BSA, was applied to the cells, which were incubated at

4 8C overnight. Cells were then washed three times

with PBST and FITC-conjugated anti-rabbit secondary

antibody (Jackson ImmunoResearch), diluted 1:1000

in 1% BSA, was added and incubated for 30 min at

room temperature in the dark. After washing three

times with PBST, slow fade mounting medium with

DAPI (Invitrogen) was applied to the slides before

mounting of the coverslips.
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Quantitative real-time PCR

Total cellular RNA was prepared from cells using

RNeasy mini kit (Qiagen, Inc.) based on the

manufacturer’s protocol. cDNA was synthesized from

1 mg RNA using QuantiTect reverse transcription kit

based on manufacturer’s protocol. cDNAs were diluted

1:4 in ddH2O and 2 ml diluted cDNA were added to

5 ml EXPRESS SYBR GreenER qPCR SuperMix

(Invitrogen) and 200 nM of each primer. GAPDH

was used as the endogenous expression standard. PCR

conditions were 20 s of initial denaturation step at

95 8C, 40 cycles at 95 8C for 3 s, and 60 8C for 30 s,

followed by additional 95 cycles starting at 60 8C with

0.5 8C increase per cycle for melt curve analysis.

GAPDH forward: 5 0-TGCACCACCAACTGCTTA

and reverse 5 0-AGAGGCAGGGATGATGTTC; FlnA

forward 5 0-AAGTGACCGCCAATAACGAC and

reverse 5 0-GGCGTCACCCTGTGACTTAT.
Evaluation of mouse retrovirus

Cell lysates were prepared using RIPA Buffer containing

protease and phosphatase inhibitors and normalized to

2 mg/ml using BCA Protein Assay (Pierce). Lysate (50 mg)

was loaded per lane, run on a 12% SDS–PAGE gel, and

transferred using semidry transfer unit (Bio-Rad) at 15 V

for 70 min. Gag antibody (1:250) and b-actin antibody

(1:10 000, Sigma A-1978) were diluted in 5% Milk

Protein TBS Tween and incubated overnight with rocking

at 4 8C. Membranes were washed 4! TBS Tween for

10 min at room temperature and then incubated with goat

anti-mouse secondary antibody (1:5000, Santa Cruz

SC-2005). Membranes were washed again 4! TBS

Tween for 10 min at room temperature and incubated for

1 min in SuperSignal West Pico Chemiluminescent

Substrate (Pierce 34080). Membranes were drained of

excess fluid and images were taken using FluorChem E

Imager and analyzed using AlphaView SA software

(Protein Simple, Santa Clara, CA, USA).
Mouse xenograft studies

Four- to five-week-old athymic nude male mice

(nZ24, Harlan, Indianapolis, IN, USA) were

implanted with 12.5 mg, 90-day release testosterone

pellets (Innovative Research of America, Sarasota, FL,

USA) before injection of CWR22 prostate tumor

suspension s.c. in the right flank. These experiments

were conducted under an IACUC approved protocol.

Cells were mixed 1:1 with 50% Matrigel (BD

Biosciences, San Jose, CA, USA) before s.c. injection

(2.5!106 cells per injection). When palpable tumors

were observed, their pellets were removed, and the
www.endocrinology-journals.org
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animals were left untreated (nZ6) or treated with

vehicle (nZ8) or GCP (1.2 mg/kg per day) (nZ10) as a

suspension in water dispersed in peanut oil by

esophageal gavage for 14 consecutive days, after

which drug treatment was discontinued. Control

animals were given water droplets dispersed in peanut

oil only (nZ8). Uniformity of the suspension was

maintained by vigorous shaking before gavage for each

animal. Twenty-one days after start of experiment, the

animals were castrated (nZ22) and/or left intact (sham

operated, nZ2). Sham-operated mice were opened up

but then closed again without castration. Two mice

from each group (sham castrated, castrated-untreated,

castrated-vehicle treated, castrated-GCP treated) were

killed 3 days post-castration for molecular analysis.

Four others were killed due to large tumor size. The

remaining 12 mice (six on GCP and six on vehicle)

were used as described in the Results section. Tumor

dimensions were measured twice a week using calipers.

At the end of the study, tumor-bearing mice were killed

using CO2 gas followed by cervical dislocation.
Immunohistochemistry

Mouse tumors were fixed in 10% buffered formalin

(Medical Industries, Richmond, IL, USA) at room

temperature. The tumor was paraffin embedded and

processed based on established protocols. Paraffin-

embedded cell blocks were then sectioned and sections

were heated to 60 8C, cleared, and rehydrated in xylene

and graded alcohols. Antigen retrieval was performed

with 10 mM citrate buffer at pH 6.0 for 10 min in a

pressure chamber at 121 8C and 10 more minutes

without pressure. Slides were allowed to cool for

another 20 min, followed by sequential rinsing in TBS-

T (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, and Tween

20 (0.1%)). Endogenous peroxidase activity was

quenched by incubation in TBS-T containing 3%

hydrogen peroxide. Slides were then blocked with

10% BSA. Each incubation step was carried out at room

temperature and was followed by three sequential

washes (5 min each) in TBS-T. Sections were incu-

bated in mouse monoclonal anti-FlnA antibody against

the C-terminal (Millipore), diluted in TBS-T containing

1% BSA (1 h), followed by incubations with biotiny-

lated secondary antibody for 15 min, peroxidase-

labeled streptavidin for 15 min (LSAB-2 Dako Corp.,

Carpenteria, CA, USA), and diaminobenzidine and

hydrogen peroxide chromogen substrate (Dako Corp.).

Slides were counter-stained with hematoxylin and

mounted. Negative controls were incubated with

Universal Mouse Negative Control (Dako Corp.) in

place of primary antibody.
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Statistical analysis

Tumor volumes were calculated as VZlength!
height!p/6. The change in tumor volume was

calculated as percentage of the volume of the tumor

at the time of castration. Analyses using an unpaired,

two-tailed Student’s t-test were used to compare tumor

sizes of the two study groups: untreated vs GCP treated

KP!0.05 was considered statistically significant. All

in vitro experiments using MTT or luciferase data

were performed in triplicate. Data are presented as

relative luciferase activity using means of untreated

controls as standards, normalized to the corresponding

reading for b-gal.
Results

Nuclear localization of a 90 kDa FlnA fragment

induces apoptosis in CaP cells

We previously demonstrated that androgen-sensitive

and -insensitive cell lines differentially expressed

nuclear localization of FlnA, a structural protein

(Wang et al. 2007, Bedolla et al. 2009). A castrate-

resistant subline of LNCaP cells, C4-2, has been

developed from tumors obtained by co-implantation of

LNCaP cells with bone stromal cells in castrated nude

mice (Thalmann et al. 1994). We previously showed

that C4-2 cells express very high AR transcriptional

activity compared with LNCaP cells (Ghosh et al.

2005). Unlike LNCaP, C4-2 cells were not growth

arrested by the anti-androgen bicalutamide (Casodex)

(Fig. 1A, left), a competitive inhibitor of AR ligand

binding (Masiello et al. 2002). C4-2 cells expressed

lower levels of 90 kDa FlnA compared with LNCaP

(Fig. 1A, right) and lower levels of FlnA in the

nucleoplasm (Fig. 1B), but not in the nucleolus.

Transfection of a plasmid expressing C-terminal

FlnA (FlnA 16–24), which resulted in the appearance

of the 90 kDa FlnA fragment (Loy et al. 2003, Wang

et al. 2007), restored nuclear expression of FlnA

in C4-2 cells (Fig. 1B). This effect required the

presence of the AR because it was not observed in

AR null PC-3 cells (Wang et al. 2007), but in C4-2

cells expressing full-length AR as well as CWR22Rv1

cells expressing a truncated form of AR (Fig. 1C).

Transfection of FlnA 16–24, but not full-length

FlnA or FlnA 1–15 (N-terminal), induced apoptosis

in cells treated with the AR antagonist bicalutamide

(Fig. 1D). Taken together, these results demonstrate

that nuclear localization of the 90 kDa fragment of

FlnA induces apoptosis in CaP cells.
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Treatment with GCP replicates the effects of FlnA

nuclear localization

The above results indicated that restoration of

FlnA nuclear localization likely restored hormone-

sensitive behavior in CaP. Therefore, pharmaceutical

approaches to FlnA cleavage were pursued. Castration-

resistant CWR22Rv1 cells derived from a relapsed

CWR22 tumor were chosen for these studies because

they express multiple forms of AR – a 114 kDa full-

length form containing a H874Y point mutation and

an in-frame tandem duplication of exon 3, as well as

truncated AR species lacking the ligand binding

domain (LBD; Tepper et al. 2002). Hence, treatment

that promotes hormone sensitivity in these cells would

be widely applicable. Transfection of FlnA 16–24,

but not full-length FlnA or FlnA 1–15, promoted

expression of the 90 kDa fragment both in the nucleus

and in the cytoplasm (Fig. 2A), sensitized these cells

to bicalutamide (Fig. 2B), and induced apoptosis

(Fig. 2C).

The physiological range of testosterone in FBS is

55.1–97.5 pM whereas that in CSS is 15.6–19.0 pM

(Sedelaar & Isaacs 2009). Hence, culture in CSS

results in ADT in vitro. GCP sensitized CWR22Rv1

cells to ADT, resulting in growth arrest and apoptosis

(Fig. 2D), which was enhanced in low androgen levels.
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This was accompanied by increases in caspase 3 and

PARP cleavage, indicative of apoptosis, especially in

low-androgen medium (Fig. 2E). These results demon-

strated that the effect of GCP was very similar to that

induced by FlnA 16–24.
FlnA cleavage to the 90 kDa fragment mediates

GCP-induced apoptosis

We previously showed that the AR activated similar

pathways in CWR22Rv1 and CWR-R1, two cell lines

established from two independent relapsed CWR22

tumors (Chen et al. 2010a). Similar to CWR22Rv1

(Tepper et al. 2002), CWR-R1 cells were refractory to

hormonal treatment (Fig. 3A); significantly, these cells

were also sensitized to cytostatic effects of GCP in

low-androgen media (Fig. 3B). Investigation of the

mechanism of this effect indicated that GCP induced

G2/M arrest in CaP cells (Fig. 3C), similar to its main

component genistein as has been demonstrated by

other laboratories in various cell lines (Lian et al. 1998,

Schmidt et al. 2008, Zhao et al. 2009, Han et al. 2010).

Further, GCP suppressed the levels of 280 kDa FlnA

while causing an increase in the levels of the cleaved

FlnA levels (110 and 90 kDa) (Fig. 3D), thereby

indicating that GCP causes FlnA cleavage.
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CWR-R1 and CWR22Rv1 lines had been propagated

in mice and were contaminated by mouse retrovirus

(Paprotka et al. 2011). On the other hand, LNCaP cells

were free from this virus (Sfanos et al. 2011). Similar

to CWR22Rv1, GCP induced apoptosis in LNCaP

cells, and this effect was more prominent in CSS-cultured

cells (Fig. 3E). Therefore, we investigated whether

GCP-induced apoptosis was mediated by FlnA. Signi-

ficantly, FlnA siRNA, but not control siRNA, prevented

GCP-induced apoptosis in LNCaP cells (Fig. 3F). These

results show that GCP-induced apoptosis is enhanced

with ADT and is mediated by FlnA.

GCP’s effects reflect a combination of both

genistein and daidzein

Next, we investigated which components of GCP are

responsible for its effects. In human patients, the serum

levels of genistein and daidzein were determined to be
766
43 and 51 mmol/l respectively (about 10 mg/ml each

in an average adult male), following 6 months of

GCP intake at 5 g/day (deVere White et al. 2010).

At comparable doses, daidzein reduced proliferation

in the absence, rather than the presence, of androgens

(22.4% decrease in FBS, PZ0.039, vs 69.5% decrease

in CSS, P!0.0001) whereas the effect of genistein

remained virtually unchanged in FBS (84.68%

decrease, PZ0.002) vs CSS (74% decrease,

P!0.0001) (Fig. 4A). We verified these results in

androgen-sensitive PC-346C CaP cells (Fig. 4B;

van Weerden et al. 1996, Limpens et al. 2006) that

did not express the mouse retrovirus (Fig. 4D).

Genistein induced G2 arrest in PC-346C cells, while

daidzein growth arrested them at G1 (Fig. 4B), while

GCP resulted in growth arrest in both G1 and G2, with

very few cells in S-phase. Significantly, genistein, but

not daidzein, restored the levels of the 90 kDa FlnA
www.endocrinology-journals.org
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fragment (Fig. 4C). Therefore, both genistein and

daidzein are needed to replicate the effects of GCP.

Castration-sensitive LNCaP cells exhibited

greater sensitivity to GCPCADT compared

with CRPC C4-2 cells

LNCaP cells retain the ability to convert testosterone in

FBS to effective levels of DHT, a stronger ligand for

AR, whereas they are unable to do so in CSS. Culture

in CSS induced 55% reduction in LNCaP cell growth

(PZ0.0014) compared with culture in FBS. GCP

treatment in FBS also reduced growth by 51%

compared with vehicle (PZ0.0006); however, the

combination of ADT and GCP decreased growth by

87% (PZ0.0002; Fig. 5A), demonstrating greater

efficacy of GCP in lower levels of androgens. Flow

cytometry showed that GCP induced G2 arrest in

LNCaP cells in FBS, whereas in CSS, GCP also

depleted cells in S-phase (Fig. 5B). Western blotting of
www.endocrinology-journals.org
lysates collected from GCP- and vehicle-treated cells

in FBS and CSS showed that GCP treatment decreased

cyclin D1 levels, completely suppressed cyclin A

levels, but increased cyclin B levels, thereby support-

ing a G2 arrest (Fig. 5C). Further, GCP induced

cleavage of PARP, especially in the presence of CSS,

indicating the induction of apoptosis (Fig. 5C).

Western blotting showed that GCP promoted the

expression of the 90 kDa fragment of FlnA in LNCaP

cells as well, both in FBS and in CSS, similar to our

observation in CWR22Rv1 (Fig. 5C).

C4-2 cells do not express inherent levels of the

90 kDa fragment, yet GCP induced expression of

the 90 kDa fragment in these cells as well (Fig. 5D).

Culture in CSS did not affect the ability of these

cells to grow, despite the addition of 100 mg/ml GCP

(not shown), likely due to aberrant DHT production

in C4-2 cells even from castrate levels of testo-

sterone (Cai et al. 2011). In contrast, bicalutamide,
767
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a competitive inhibitor of AR ligand binding, induced

growth arrest even in the presence of 20 mg/ml GCP

in C4-2 cells (Fig. 5E). The differential effects in

FBS and CSS in LNCaP cells, and CSS vs bicalutamide

in C4-2, indicate that GCP is ineffective in the presence

of ligands, but in the absence of ligands (with

bicalutamide) is able to overcome castrate-resistant

AR activation.
Androgen deprivation phosphorylates FlnA and

prevents its cleavage to the 90 kDa fragment

Next, we investigated the molecular mechanism of the

process by which GCP sensitized CaP cells to ADT.

Prolonged culture in CSS reduced the levels of 90 kDa
768
FlnA (Fig. 6A), whereas supplementation of cells in

CSS with 1 nM DHT restored its levels (Fig. 6B). These

results indicated that cleavage of full-length FlnA to

the 90 kDa fragment is androgen regulated, consistent

with the increase in 280 kDa FlnA with CSS seen

in Figs 3D and 5C, D. This increase was not related

to transcriptional control; levels of FlnA mRNA were

decreased by AR siRNA, but not control siRNA

(Fig. 6C), implicating the increase in 280 kDa FlnA

levels to posttranscriptional modifications. Interest-

ingly, FlnA levels decreased both from the nucleoplasm

and the cytoplasm when LNCaP cells were cultured

in CSS for prolonged periods (Fig. 6D), but in the

nucleolus remained unchanged. Further studies are

required to explain how nucleolar FlnA is protected.
www.endocrinology-journals.org
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C4-2 cells expressed higher levels of FlnA phos-

phorylation at Ser 2152 compared with LNCaP

(Fig. 6E). In both cell lines, culture in CSS stimulated

FlnA phosphorylation, but treatment with low doses,

but not high doses, of DHT prevented ADT-induced

FlnA phosphorylation (Fig. 6E). These results are

consistent with the observation that low doses of DHT

stimulate whereas high doses inhibit cell growth

(Hofman et al. 2001). Loss of 90 kDa FlnA coincided

with an increase in FlnA phosphorylation or with an

increase in 280 kDa FlnA, indicating that the level of

90 kDa FlnA results from cleavage of the 280 kDa

form or is negatively regulated by FlnA phosphoryl-

ation. As a result, FlnA cleavage to the 90 kDa

fragment was also regulated by androgens (Fig. 6E).

Additionally, we verified that FlnA phosphorylation

regulates its cleavage, using a regulator of protein

kinase A (PKA), known to phosphorylate FlnA (Jay

et al. 2000, 2004). As we previously showed that a

PKA inhibitor increased FlnA cleavage and nuclear

translocation (Bedolla et al. 2009), we treated LNCaP

cells cultured in FBS or CSS with increasing

concentrations of the PKA inhibitor 14–22 (PKI).
www.endocrinology-journals.org
Significantly, the PKI had no effect in FBS, but in CSS

medium, loss of expression of the 90 kDa fragment

was prevented by treatment with the PKI (Fig. 6F).

Taken together, the above data demonstrate that ADT

suppresses cleavage to 90 kDa FlnA by enhancing

phosphorylation at Ser 2152.
GCP dephosphorylates FlnA at Ser 2152 and

promotes the formation of the 90 kDa fragment

and FlnA nuclear localization

In support of data showing that ADT prevents FlnA

cleavage to the 90 kDa fragment, 48 h treatment with

bicalutamide depleted CWR22Rv1 cells of the 90 kDa

FlnA fragment while the level of full-length FlnA

increased. In contrast, GCP increased the levels of

90 kDa FlnA while reducing the levels of the full-

length protein (Fig. 7A, upper). Comparison of LNCaP

and C4-2 cells with vehicle or GCP showed that GCP

treatment in C4-2 cells restored FlnA localization to

the nucleus (Fig. 7A, lower). These results prompted us

to examine the role of GCP on FlnA phosphorylation.

Androgen-dependent PC-346C and LNCaP cells

expressed lower levels of phospho-FlnA compared
769
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Figure 7 GCP prevents phosphorylation of full-length FlnA and promotes cleavage of FlnA to its 90 kDa fragment. (A) (Upper)
Western blot showing expression of FlnA in CWR22Rv1 cells. Treatment with 10 mM bicalutamide depleted levels of 90 kDa FlnA
while transfection with FlnA 16–24 and further treatment with 100 mg/ml GCP for 48 h rescued the expression of the 90 kDa FlnA
fragment. Note higher exposure of left panel compared with right. (Lower) LNCaP and C4-2 cells treated with vehicle or 100 mg/ml
GCP were stained with an antibody specific to the C-terminus FlnA to determine subcellular localization. LNCaP cells and C4-2 cells
treated with GCP showed FlnA expression in the nucleus while C4-2 cells treated with vehicle showed expression only in the cytosol.
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with the CRPC lines C4-2, CWR22Rv1, and CWR-R1

(Fig. 7B). Hence, we investigated the effect of GCP in

CRPC cells. GCP treatment of C4-2 cells prevented

FlnA phosphorylation and cleaved the protein to the

90 kDa fragment (Fig. 7C). In support, by immuno-

fluorescence, C4-2 cells expressed higher levels of

phospho-FlnA (Ser 2152) compared with LNCaP

(Fig. 7D). Incidentally, phosphorylated FlnA was

localized in the cytoplasm, showing that FlnA

phosphorylation prevented its nuclear translocation.

Transfection with FlnA 16–24 in C4-2 cells prevented

its phosphorylation, in support for a role of its effector

GCP in suppressing FlnA phosphorylation. Culture in

CSS increased the levels of FlnA phosphorylation at

Ser 2152, which was suppressed by GCP treatment

(Fig. 7E). These results show that GCP sensitizes CaP

cells to ADT by preventing ADT-induced FlnA

phosphorylation.
770
GCP treatment prevented relapse in the CWR22

xenograft mouse model following ADT

As GCP sensitized CaP cells to ADT, we investigated

whether it impeded development of CRPC following

ADT. Athymic nu/nu mice were s.c. implanted with

CWR22 tumor extracts. When the tumors were

palpable, mice were treated with GCP or vehicle as

described in the Materials and methods section.

Following 2 weeks of treatment, the animals under-

went sham operation or were castrated; initial tumors

from each group were collected 3 days post-surgery

and showed strong Ki67 staining, indicative of

proliferation, in sham-operated but not in castrated

animals (Fig. 8A). Sham-operated, untreated tumors

showed strong nuclear localization of FlnA, while

castrated tumors, either untreated or treated with

vehicle only, showed weak cytoplasmic, but no nuclear

staining for FlnA (Fig. 8B). In contrast, castrated,
www.endocrinology-journals.org



A

B

C

500

80
Vehicle Tx (n = 5)
GCP Tx (n = 6)70

60

50

40

30

20

10

0
125 150 175

Days post castration

200 225

Vehicle

1 2 3 4 5 9 10 11 12 13

n = 6  = 6

GCP

7 days post-castration

D
ec

re
as

e 
in

 tu
m

or
 v

ol
um

e
M

ea
n 

tu
m

or
 v

ol
um

e 
(%

 o
f o

rig
in

al
)

D CWR22 xenografts

0

–500

–1000

–1500

–2000

–2500

Ki67
N

o 
of

 c
el

ls
//a

re
a

500

400

300

200

100

0
Castrated: vehicle

treated

Sham-
operated:
untreated

Castrated:
untreated

Castrate

Sham

Castrated:
GCP treated

Castrated:
vehicle
treated

3.5

3

2.5

2

1.5

1

0.5

0

MEAN NUC
MEAN CYT

Sha
m

-o
pe

ra
te

d/
un

tre
at

ed

Cas
tra

te
d/

un
tre

at
ed

Cas
tra

te
d/

ve
hic

le 
tre

at
ed

Cas
tra

te
d/

GCP tr
ea

te
d

F
ila

m
in

 A
 s

co
re

Castrated: GCP-
treated

Filamin A

Sham-operated:
untreated
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GCP-treated tumors exhibited strong FlnA staining

(brown) both in the nucleus and in the cytoplasm

(Fig. 8B). Within the first 7 days following castration,

the tumors in GCP-treated mice regressed (mean

reduction 1148 mm3, nZ6) compared with vehicle-

treated mice (mean reduction 772 mm3, nZ6)

(Fig. 8C). The animals were monitored for up to 7

months (211 days) following castration. During this

time, control CWR22 xenografts regressed approxi-

mately 38 days post-castration (mean reduction 40%,

PZ0.0008; nZ6), after which the tumors stabilized
www.endocrinology-journals.org
for several months and then relapsed after 6 months

post-castration (179 days, relapse was defined as two or

more consecutive increases in tumor volume O5%

each time) (one control animal had to be killed due to

large tumor size). There was essentially no significant

difference between the control (nZ5) and GCP (nZ6)

groups until 6 months post-castration, after which,

tumors in vehicle-treated mice remained steady

relapsed (PO0.05), whereas GCP-treated tumors

continued to regress (PZ0.0056) (Fig. 8D). After

211 days (7 months post-castration), tumors in
771
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vehicle-treated mice were distinctly larger (mean

reduction 50% compared with initial tumor volumes;

PZ0.25) than the ones in GCP-treated mice (mean

reduction 88% compared with initial volumes;

PZ0.002) (Fig. 8D). Taken together, these results

indicated that GCP treatment prolonged the effects of

castration (ADT) in this model.
Discussion

CaP patients with metastases, treated with ADT,

frequently relapse, leading to CRPC, which essentially

remains incurable. Studies found that although

proliferation indices were consistently suppressed

following ADT (Westin et al. 1995, Matsushima

et al. 1999), apoptosis was only partially affected

(Murphy et al. 1991, Westin et al. 1995). Surviving

cells likely undergo growth arrest and lie dormant

following ADT, but revive when androgen-indepen-

dent stimulants release them from growth arrest (Agus

et al. 1999, 2002). Hence, our goal was to develop

treatments that promote apoptosis during ADT in CaP

cells. Here, we show that proteolysis of FlnA to the

90 kDa fragment and its subsequent nuclear local-

ization induces apoptosis and sensitizes AR-positive

CaP cells to ADT.

Full-length FlnA is a well-known mediator of cell

migration (Feng & Walsh 2004). FlnA proteolysis has

two effects: i) it prevents cell migration mediated by

full-length FlnA scaffolding interaction between actin

on its N-terminal end and actin-binding proteins on

its C-terminal end (Bedolla et al. 2009) and ii) the

C-terminal FlnA in the nucleus suppresses AR activity

(Loy et al. 2003). FlnA had no effect in AR-negative

PC-3 cells but inhibited growth of not only LNCaP and

C4-2 cells that express a full-length AR with a

mutation in its LBD (T877A) but also CWR22Rv1

and CWR-R1 cells that express both full-length and a

truncated AR lacking the LBD (Chen et al. 2010a,b).

Hence, FlnA is a likely target that may serve to regulate

the ability of CaP cells to respond to androgens, and the

objective of these studies was to identify clinically safe

pharmaceutical agents that regulate FlnA proteolysis.

We previously showed that FlnA cleavage to the

90 kDa fragment and subsequent nuclear translocation

suppresses migration (Bedolla et al. 2009). The repeat

structure of FlnA allows it to act as scaffold regulating

co-localization of various cell migration regulators

such as integrins (Ott et al. 1998, D’Addario et al.

2002, Robertson et al. 2003, Travis et al. 2004) and

migfilin (Das et al. 2011). Various studies have

reported that FlnA promotes cell migration (Nagano

et al. 2002, Gawecka et al. 2010), whereas others show
772
that it suppresses migration (Xu et al. 2010). It is likely

that the differential effect is caused by a relative

expression of intact vs cleaved FlnA. Surprisingly, a

recent study indicated the presence of FlnA in the

nucleolus where it inhibits rRNA production (Deng

et al. 2012). FlnA expresses a nucleolar localization

signal, and the C-terminal end of the molecule (FlnA

16–24) is needed to inhibit rRNA proteins (Deng et al.

2012). Our results reveal that despite the decrease in

cytoplasmic and nuclear levels of FlnA with ADT, the

expression of nucleolar FlnA remains unchanged,

indicating that it is protected from degradation. It is

important to note that nucleolar FlnA is not

phosphorylated (Fig. 7D), hence reflects the cleaved

product as well. Further studies are required to

determine whether nucleolar FlnA plays a role in

AR signaling.

The data presented show that the AR affects both

FlnA levels and proteolysis. Androgens promote FlnA

cleavage to the 90 kDa fragment; thus, ADT prevents

FlnA cleavage and FlnA nuclear (but not nucleolar)

localization. Androgens had a biphasic effect on FlnA

expression and cleavage. At low androgen levels, there

was very little FlnA cleavage whereas at physiological

levels of DHT, FlnA cleavage was resumed, likely

caused by decreased FlnA phosphorylation (Ohta &

Hartwig 1995). However, at very high levels (100 nM

DHT), FlnA was again phosphorylated. Therefore,

FlnA is likely cleaved and as a result remains in the

nucleus only at physiological levels of androgens and

is dispersed when these levels are too high or too low.

Loss of 90 kDa FlnA may be one cause for resistance to

ADT in advanced CaP.

Interestingly, GCP-induced FlnA dephosphorylation

promoted FlnA cleavage and nuclear localization. AR

levels regulate FlnA expression, phosphorylation,

cleavage, and nuclear localization, while FlnA in turn

regulates AR transcriptional activity; hence, it is not

surprising that the interaction between these factors

play a role in the efficacy of ADT. We show that both

genistein and daidzein are needed for effective

regulation – neither component of GCP, by itself,

could achieve this effect. Therefore, GCP-induced G2

arrest is mediated by genistein, while in CSS (but not in

FBS), daidzein induced G1 arrest, explaining why GCP

caused androgen responsiveness. Other studies had

noted combination effects of genistein and daidzein

that may contribute to other effects of GCP noted by us.

While multiple reports noted that genistein inhibits

metastasis in most cancers (Pavese et al. 2010,

Zhang et al. 2010), including CaP (Lakshman et al.

2008), some reports noted that genistein promoted

metastasis (Nakamura et al. 2011). Daidzein appears to
www.endocrinology-journals.org
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prevent genistein-induced metastasis in some models

(Singh-Gupta et al. 2010), but not in others (Martinez-

Montemayor et al. 2010). Our data indicate that the

effect of dietary isoflavones on tumor promotion and

metastasis may be related to the ability of the

isoflavones to induce FlnA proteolysis.

The kinase mediating FlnA phosphorylation has

not yet been identified. The Ser 2152 site on FlnA is a

substrate for p90RSK (Woo et al. 2004), PKA (Jay et al.

2000, 2004), and PKCa (Tigges et al. 2003), which are

likely candidates. We previously showed that ADT

causes the upregulation of ErbB3, a member of the

EGFR family (Chen et al. 2010c, 2011). This family

stimulates not only PI3K but also the MAPK family,

including JNK, which in turn activates p90RSK (Zhang

et al. 2001). On the other hand, p90RSK is inhibited by

genistein (Gwin et al. 2011) and by daidzein (Kang

et al. 2007). Genistein also inhibits EGFR (Aggarwal

& Shishodia 2006) and mTOR (Anastasius et al. 2009)

and members of our group had demonstrated earlier

that mTOR is one of the primary targets of GCP

(Tepper et al. 2007). Previous studies have indicated

that MAPK regulates mTOR activity via RSK (Roux

et al. 2007, Carriere et al. 2008), which may indicate

a prominent role for this kinase in GCP-mediated

FlnA proteolysis.

Several lines of evidence indicate that GCP-induced

FlnA cleavage prevents ligand-independent AR tran-

scriptional activity. First of all, GCP inhibited growth

of androgen-dependent LNCaP cells in CSS but had no

effect on C4-2 cells in CSS, whereas in the presence of

bicalutamide, GCP induced growth arrest in C4-2 cells.

Upon ligand binding, the AR undergoes a confor-

mational change that allows it to enter the nucleus and

induce transcriptional activity (Kuil et al. 1995). In

some CRPC cells, the AR can be activated by

nonspecific ligands that allow the cells to propagate

in CSS and also by ligand-independent AR confor-

mational change, which induces resistance to anti-

androgens such as bicalutamide (Feldman & Feldman

2001). Hence, GCP was able to prevent ligand-

independent AR activity and overcome the effects of

bicalutamide but was ineffective when aberrant ligands

activated the AR. Second, GCP and FlnA 16–24

induced growth arrest in CWR22Rv1 cells expressing a

truncated AR lacking the LBD. Our data indicate that

this effect can be prevented by the presence of nuclear

FlnA, but further studies are needed to elucidate the

mechanism by which FlnA promotes this effect. In this

respect, FlnA is distinct from other AR co-repressors

such as NCoR and SMRT and likely explains results

showing the inability of the latter to inhibit AR activity

in CRPC lines (Laschak et al. 2011).
www.endocrinology-journals.org
Finally, we show that in the CWR22 androgen-

dependent xenograft model, relapsed tumors following

castration were observed in vehicle-treated but not

GCP-treated mice, although both tumors regressed at

similar rates. This was accompanied by induction of

FlnA in GCP. Our current and previous results (Wang

et al. 2007) reveal that nuclear localization of the

90 kDa FlnA fragment sensitizes CaP cells to the

effects of ADT. These results indicate that due to

increased nuclear FlnA, co-administration of GCP

together with ADT may be an important therapeutic

strategy to prevent CRPC development.
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